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INTRODUCTION TO PART III 


Part III deals with dynamics. It attacks the general question, Why do things move 
as they do?” The discussion naturally leads to a study of force and mass and to a develop- 
ment of the important parameters, momentum and energy. 


In general there are two approaches to a problem in dynamics. One isa detailed, 
point by point, treatment which we might call a differential approach. It begins with 
a specified initial position, speed and force field. The force field is used to determine 
the resultant acceleration, and knowledge of the acceleration makes it possible to con- 
struct a trajectory, bit by bit. The second approach might be called an integral approach. 
It ignores the details of the interaction and deduces some of the characteristics of the 
final state of a dynamical system through the use of conservation laws which relate final 
State parameters to initial state parameters. 


A great many of the dynamics problems that are of interest in the day to day work of 
a physicist can be handled best by the integral approach. This is why Part III emphasizes 
the conservation laws. Considerably more emphasis has been given these laws than often 
has been the case in secondary school courses. Conservation laws lie at the heart of much 
of contemporary physics. It is important that students get a feeling for their origin, their 
usefulness and the extent of their validity. 


On the other hand, whatever intuitive feelings a student may have about dynamics are 
sure to be associated with his familiarity with force and motion. Therefore it is logical 
that dynamics be introduced through the differential approach, leading finally to an under- 
standing of the usefulness of the integral techniques. 


Within this framework, Part II begins, in Chapter 20, with the development of New- 
ton'slaw, F= má. The approach is partially historical since the methods developed by 
Galileo and Newton in solving this basic problem are the fountainhead of physics as we 
know it. There is ample opportunity in Chapter 20 to develop an appreciation for the 
method that was evolved as well as for the physical understanding that sprang from its 
application. 


Chapter 21 treats a class of dynamical problems in which the force field is particularly 
simple and well-known. In the case of the gravitational force, attention is confined prin- 
cipally to motion at the earth's surface where the force can be treated as constant. Near 
the end of the chapter evidence is introduced which shows that the gravitational force falls 
off with Increasing distance. This leads toward Chapter 22 where man's solution of the . 
planetary motion problem is developed in a historical context. 


The remaining four chapters of Part III develop two important conservation laws of 
mechanics, conservation of momentum and conservation of energy. Chapter 23 establishes 
the conservation of momentum from experiment, thus developing it as a new physical law, 
not as a deduction from Newton’s *'second'' and *'third" laws as is sometimes done. In 
fact, at the stage where conservation of momentum is treated, Newton's third law has not 
yet been introduced. It is important that your treatment be consistent with this point of 
view. A mixture of the two possible approaches is almost sure to cause confusion for the 
students. The validity of conservation of momentum, like all other physical laws previously 
established, is based on the synthesis of a number of experimental observations. 


The last three chapters of Part III provide a broad treatment of the concept of energy. 
These chapters depart rather sharply from the standard development that has been used 
in many introductory courses. For this reason it may be worthwhile to discuss briefly 
the general nature of how energy is developed in these chapters. 


Importance of the Energy Concept. Application of the law of conservation of energy is 
a powerful method for solving a broad range of problems, hence energy is one of the most 
basic concepts of physics. It is therefore important for students to understand both energy 
and the conservation of energy. 


Omission of a Definition. The text makes no attempt to give a specific, short definition 
of energy. There is none! Rather than beginning with a definition, a better eventual com- 
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ion and appreciation of the significance of the idea of energy can be achieved 
nis baldas n understanding of how the concept of energy can be applied to many 
phenomena. In pursuing such a development, the text presents the following ideas: 


The term energy is applied to many widely-different characteristics of the motion 
and relative position of matter. A single term is useful because these widely-varying 
characteristics are all connected through a single conservation law. In order to empha- 
size the breadth of the energy concept and to stress energy conservation, the text pur- 
posely avoids an over-simplified energy definition such as the capacity to do work”. 
Instead, various forms of energy are introduced and the convertibility of energy from 
one form to another is discussed. The concept of work takes its rightful place as simply 
one mode of energy transfer. Work is defined on a quantitative basis; it is then possible 
to formulate a quantitative description of several forms of energy, starting from the 
amount of work done to produce them. 


Plan of Attack. The strategy of the text is to introduce the three forms of energy that 
appear: etic, potential, and thermal. With these three forms, it is possible to dis- 
cuss the transfer of energy from one form to another, showing that the total energy is 
always conserved. 


Illustrative Examples. Examples may illustrate several difficulties that arise if 
energy is simply defined as the capacity to do work”. 


Consider a baseball moving horizontally with a velocity, v. Relative to the earth, 


it has a kinetic energy of 1/2 mv. But relative to an observer on a moving train, it 
has a different kinetic energy. Therefore the amount of work that the baseball can do 
depends on whether it does work on something onthe ground or on the train. 


If the ball were thrown horizontally from the edge of a cliff, a person at the bottom 
of the cliff would Say that the ball had both kinetic and potential energy. Hence the ability 
of the ball to do work depends not only on the horizontal speed, but also the height (or 
depth) of the system on which it is to do work. (If the man at the bottom of the cliff were 
to dig a hole in the ground, he could Eet still more work from the ball.) 


heat content. Even then however, unless the temperature of the exhaust b 

„ » gases be at 
absolute zero, not all of the thermal energy can be recovered as work; much of it will 
be lost in exhaust heat. 


As a final example, the substance of the ball could b. annihi = 
thus liberating energy in radiant form. xod aaa 
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Films. The PSSC films appropriate for each chapter are described in the chapter 
summaries of the Guide. The films related to Part III of the course are listed below 
with brief comments on possible scheduling. 


“Forces” is a general introduction to mechanics. It can be scheduled as early as 
the first day of classwork on Part III. 


“Inertia” and ‘Inertial Mass“ are related films which show the experimental base 
of Newton’s law with nearly ideal (low-friction) apparatus. “Inertia” relates to Sections 
1—4 of Chapter 20; ‘‘Inertial Mass“ to Sections 5 and 6. These films are probably best 
used as a basis for cláss discussion after students have performed Experiments nr-2, 3 
and 4 1n the laboratory. 


„Falling Bodies“ shows the proportionality of gravitational and inertial mass. The 
film can be used with Sections 2, 3, and 4 of Chapter 21. 


“Deflecting Forces“ shows the validity of Newton’s law in vector form through an 
analysis of circular motion. This film is related to Section 5 of Chapter 21. 


‘Periodic Motion” analyzes experiments toshow the force-distance relationship and the 
period in simple harmonic motion. This film can be used with Section 8 of Chapter 21. 


„Frames of Reference” demonstrates how different frames of reference lead to 
different descriptions of motion and how an appropriate choice of frame of reference 
simplifies dynamical problems. This film can be used to good advantage with Sections 
9, 10 and 11 of Chapter 21. 


“Universal Gravitation” reconstructs the logic behind the law of universal gravitation 
through imagining how the law might have been discovered on a planet in another solar 
system which has only the one planet. This film is closely related to Sections 6, 7 and 8 
of Chapter 22. 

“Elliptic Orbits“ uses Kepler's law of areas to show that an inverse square force 
law follows from an elliptic orbit. This film can be used in connection with discussion 
of Sections 7 and 8 of Chapter 22. 


„Energy and Work” explores the relationship between work and kinetic energy, closing 
with a lead toward thermal energy. Depending on the class discussion that is developed 
around the film, it can be used at various points in Chapters 24 and 25. 


‘(Mechanical and Thermal Energy” uses models and experiments to show the inter- 
connection between energy of bulk motion and thermal energy of random motion. This 
film is best scheduled with Sections 3 through 7 of Chapter 26. 


„Conservation of Energy“ illustrates energy conservation by tracing gross energy 
changes in a power plant. This film can be used with the last sections of Chapter 26. 


Science Study Series. Currently available titles that deal with subjects related to 
Part III of the course are: 


r Koestler. 


Books on gravity, cosmology, general relativity, special relativity, satellite motion, and 
a number of other subjects related to Part III are planned. 


SCHEDULING PART III 


Two possible schedules for Part III are indicated in the table on the following page. 
The nine-week schedule is intended as a rough guide for those who are programming a 
36-week course. The fifteen-week schedule indicates how one might allot any additional 
available time, as well as providing a guide for a three-semester course. 


The Universe at Large, Herman Bondi; 
The Birth of a New Fhysics, I. Bernard Cohen; 
e Watershed, 


; 
1 
at 
: 
e 
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Chapter 20 — Newton's Law of Motion 


This chapter introduces Newton's law of motion which is fundamental to the study of 
mechanies. In view of the variety and complexity of the phenomena that can be unraveled 
with this law, its elegant simplicity is almost surprising. To appreciate the scope and 
power of Newton's law, students should become familiar with its application. Examples are 
given in the HDL section. However, too early or too great emphasis on the formality of 
applying Newton's law, especially in some of the more complicated problems, may detract 
from students’ basic understanding of the relations between force, time, velocity and mass. 
For this reason, the formal statement of Newton’s law is deferred in the text until after 
the analysis of simple experiments which, holding two of these variables constant, display 
the relation between the other two. This approach is intended to avoid the simple memori- 
zation of F = ma without real understanding of the fundamental relationships between force, 
time, velocity and mass. Early laboratory work will contribute to this purpose. 


Newton's law of motion is based on a wide range of experiments and observations, 
which are described in this and succeeding chapters. Sections 8, 9, and 10, for complete- 
ness of presentation, cite properties of the law which will not be verified by actual com- 
parison with experiment until Chapter 21. The HDL problems relating to these sections 
are nonetheless very useful. They serve as valuable reviews of earlier vector work, and 
as introductions to mechanics. Subjects in the text for which the number of appropriate 
HDL problems may appear to be insufficient (inertial and gravitational mass, varying 
forces) will be found to reappear in later chapters, to be treated in more detail. 


CHAPTER SUMMARY 

Introductory Section and Sections 1 and 2. Galileo’s principle of inertia is presented 
after students have been encouraged to think independently about force-free motion. The 
emphasis is on the reasoning which Galileo used in drawing conclusions from an idealiza- 
tion of a physical situation. 


Sections 3 and 4. The quantitative relationship between force and motion is formulated 
directly from simple experiments. With a constant mass and constant force, Av « At. 
With a constant mass and a constant time, Av c F. These two facts are summarized by 
Av «€ Fat, or K « F. 

Force 1s introduced intuitively as being related to a push or pull. The constancy of 
the exerted force is based on the reasonable assumption that a constant force results if a 
spring (or rubber band) is stretched by a constant amount. The relative force scale rests 
on the assumption of additivity (i. e., two ‘‘identical’’, equally-stretched springs pulling in 
parallel in the same direction exert twice the force that would be exerted by either one act- 
ing alone. 


Sections 5and6. The concept of inertial mass is introduced and its characteristics 
are investigated. Experiment shows the proportionality between inertial and gravitational 
mass. The kilogram is introduced as the standard of mass. 


Section 7. The proportionalities between the various dynamic and kinematic variables 
which have been developed in previous sections are synthesized in a single equation 
FAt=mAv (or F = ma). With the units of mass and acceleration already defined, this 
equation defines a unit of force, the newton in the MKS system. 


Sections 8 through 11. Newton’s law is further generalized by citing empirical evi- 
dence for its validity in the case of a varying force. The vector nature of force and accel- 
eration and of the equation T = mi are also developed empirically. 


The applicability of Newton’s law can be extended to cover forces which vary with time, 
and the motion produced when several forces act simultaneously. In the latter situation 
the resulting acceleration is the same as if the several forces were replaced by their vec- 
tor sum. This is an experimental verification that forces add as vectors. This leads to 
the idea that Newton’s law is true in vector form: F= ma. To determine &, it is important 
to know the net force, including resistive forces such as friction. Newton’s law was based 


d 


i 
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volves deducing an unknown force from the observed acceleration it produces. From such 
investigations we have leàrned a great deal about the forces in nature. When we can dese 
them in our terms, we can then predict the motions that will occur under their influence, 


Comments on Developing the Logic of Chapter 20. So many key ideas are summarized 
by the misleadingly simple expression, F = ma, that if students are to grasp something of 


its full power, they should approach it gradually with a developing awareness of the mean- 
ing of the underlying relationships. Otherwise, they will memorize the equation quickly, 
be able to apply it to simple problems, and miss most of its meaning, Through Study of 
the text, laboratory work, films and class discussion, the three fundamental ideas — the 
principle of inertia, Newton's law, and inertial mass — should be developed fully before 
the equation F = ma is introduced. 


At the risk of repeating some of the summary of the chapter, it is worth considering 
the logical development of the chapter from the standpoint of the sequence of ideas to be 
taught: 


1. The principle of inertia requires neither a quantitative concept of mass nor a quan- 
titative measure of force, Inertia can be introduced through work in the laboratory (Ex- 
periment III - 1) and class discussion even before Students have read the first few sections. 


independent of any prior 
used as an obvious indi- 


3. The change in velocity of an object is proportional to the net force acting on it. 
(The required relative force scale is based on the reasonable assumption that two identical 
Springs pulling side by side exert twice the force of either alone.) ..Av c F. Summar- 


izing, since Av is Proportional to both At and F, Av & Fat, or F c A. 


4. The inertial mass of an object is def 
result of the action of a given force. Thus 
of observed accelerations resulting from th 


„the definition of units, and the e uation F = 

Set, enne Geer Baty between F and Av/At j : 
ow from Chapter 5 that Av/At is accel 

acceleration as such until after the effect of 1 — SACRA 


is formulated and the equivalent form, F = 


tion. >» Are confused about whether F ." ma is a law or à defini- 


6. One can infer the ne: 


t force on an ob ect b 
is used to show that two forces add aa . y observing its acceleration. This fact 


7. Fs mi is a vector relation; 


it does not depend on the velocity, ¥, of the object. 
SCHEDULING CHAPTER 20 T 


15-week schedule 9-week schedule 
for Part III for Part III 
Subject Class Lab class - Lab 
Period Period Period Period 
. l 
III. 2 
. x «TET 
—̃ — me 
Secs. 7, 8, 
9r 107 3k 
RELATED MATERIALS FOR CHAPTER 20 


Laboratory. The Laboratory Guide includes four experiments related to Chapter 20. 
If you do not have time to do all four, Experiments III-2 and III-3 should be given first 
priority; III-4, second priority; and III-1 third priority. If necessary, III-1 can be handled 
as a class demonstration. Experiments III-2 and III-3 should precede class discussion of 
the related ideas. Experiment III-1 can be used to introduce the chapter. See the yellow 
pages for further comments on scheduling and for suggestions on conducting the experiments. 


Experiment III-1, A Variation on Galileo's Experiment, employs a pendulum to provide 
a simple parallel to Galileo's idealization of the action of objects moving on inclines. 


Experiment III-2, Changes in Velocity with a Constant Force, uses the ticker tape 
timer to provide a record di the change in velocity of a small cart which is subject to a 
constant force. A constant force is provided by the constant stretch of rubber strands. 


Experiment III-3, The Dependence of Acceleration on Force and Mass, uses the same 
apparatus as Experiment III-2. 


Experiment III-4, Inertial and Gravitational Mass, uses a simple inertial balance and 
ordinary weighing to show the proportionality of inertial and gravitational mass. The 
operation of the inertial balance is shown to be independent of gravity. 


Home, Desk, and Lab. The following table classifies problems according to their esti- 
mated level of difficulty and the sections to which they relate. Those which are especially 
suited to class discussion are indicated. Problems which are particularly recommended 
are marked with an asterisk (*). Answers to problems are given in the green pages. 


11*, 12* 13, 15*, 16 17, 18, 22 


course. The film ex 
Static and magnetic) 
between relatively s 


forces. The gravitational force 
22 minutes. 


avendish balance. Running time: 


“Inertia”, by Edward M. Purcell of Harvard University, develops the idea of inertia, 
considers frictional effects and introduces the “frictionless” puck which has a gas bear- 


ing. From stroboscopic photographs of the puck moving under a constant force, the pro- 
portionality of force and acceleration is found. 


One of the best ways to use this film is 
as the basis of a Summarizing discussion of the ideas.of Sections 1 through 4. Running 
time: 27 minutes. 


“Inertial Mass", by Edward M. Purcell of Harvard University, is a continuation of 
‘Inertia’, Using the same techniques as in the earlier film, acceleration is found to be 
inversely proportional to mass. Thus, with a constant force, acceleration is a measure 
of inertial mass. The proportionality of inertia] and gravitational mass is shown. This 
film may be used i 


n connection with a discussion of Sections 5 and 6. Running time: 
20 minutes. 


Introductory Section 
Section 1— Ideas about Fo 


ree and Motion 
Section 2 — Motion Witho 


d dynamics. To raise the question: What 
Galilean attempts to understand dynamics; and to 
eo's law of inertia, 


CONTENT a. Kinematics is 
Dynamics is the analysis 
The idea of force is gene 
d. When no net force acts o; 


e. ralized from that of à push or pull. 


n an object, its state of motion remains unchanged. 


| 
| 
| 
| 
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EMPHASIS Very little class discussion will be needed if these sections have been assigned 
for outside reading. However, you may prefer to discuss the first few sections of the chap- 
ter before you give any assignments. 

DEVELOPMENT I you choose to present this material through classroom discussion, 

you might ask for, and Itst on the blackboard, examples of moving objects which are neither 
pushed nor pulled by an obvious agent. Next to each example, describe the motion briefly 
as in the table below: 


Object Motion Type 
Automobile (out of gas and Slows down and stops. 1 
without brakes). 

Book which has been pushed Slows down and stops. 1 

so that it slides on desk. 

Chalk (or any object) which Speeds up until it hits floor. 2 

is dropped. 

Ball rolling down hill. Speeds up until it reaches 2 
bottom. 

Moon revolving around the Goes around at constant 3 

earth. x speed. 

Earth rotating on its axis. Rotates at constant speed. 3 


After you have several examples of each type, call students' attention to the three 
categories: 1) slowing down, 2) speeding up, and 3) constant speed. 


You can get a good idea of the information your students have by asking them to give 
reasons for or explanations of the motion. You will probably have students who already 
think of gravity and friction as external agents. There is no reason to avoid mentioning 
these mechanisms briefly. 


After students understand the three categories, concentrate the discussion on how 
one could make an object which is slowing down go further. Your class will be interested 
in and will give good examples of reducing friction by lubrication. Some students may 
even know about gas bearings from popular science articles or from household gadgets 
such as the tank vacuum cleaner which partly rides on the exhaust air. 


Finally, ask what would happen to the motion if the friction were reduced to zero. 
Ask them how they could convince a skeptic of this. It should be possible to get the class 
to see that one could never really perform such an experiment and that reasoning such as 
is given in connection with Figures 20-3 and 20-4 is needed. 


* * * 


It will be desirable to make sure that students understand how to interpret quantita- 
tively such stroboscopic pictures as Figures 20-5b, 20-7, 20-9, and 20-16. You can dis- 
cuss the experimental arrangement using either some analogous demonstration equipment 
or the explanatory figures (20-5a, 20-6, 20-8, 20-11 and 20-13). 


You might have students determine the speed of the disc in Figure 20-5b. Using a 
compass (as a pair of dividers) they can easily find that the speed is about 12.7 cm per 
flash or 127 cm per second. They should be able to measure this to 1% or 2%. You 
could ask the students for the factor by which the figure was reduced (6.4) or for the di- 
ameter of the disc (about 10 cm). 


Students will not be able to measure the speed in Figure 20-5 with enough accuracy to 
detect the deceleration. This deceleration (as implied by the last sentence in Section 2, 
page 310) is only 0.01 ft/sec”. Therefore, during the seven intervals or 0.7 seconds shown 
on the photograph the speed should have changed only by 0.007 ft/sec which is unobserv- 
able since it is only about 1/6 per cent of the measured speed. 
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(Note: The deceleration or frictional force was actually determined by measuring the 
reduction of oscillation when one of these discs was driven back and forth across the table 
by a spring whose internal losses were known accurately. If an object were moving in 
only one direction on a perfectly flat table, this deceleration would be caused if one side 4 
of a 1 meter table were only 0.32 mm (or 0.032 cm) higher than the other. In order to do 
experiments which exploit fully this very low frictional force, one must use an extremely 
flat table and level it very carefully. Furthermore, the table and the floor supporting it 
must be rigid. In addition, the table surface must be very clean. For example, ice 
crystals formed from water vapor in the air would interfere with the motion. This diffi- 
culty was avoided by using a metal table (aluminum) which conducts heat well enough to 
prevent local freezing.) 


COMMENTS With your help in leading the discussion, your class will be able to give 
you examples of the three apparently different types of motion even though they have not 
read the text. An introductory class discussion of this type can add considerable fresh- 


Many students are familiar with Galileo's principle of inertia; most of them can learn 
it quickly and would be completely convinced by experiments with dry ice bearings or 
Satellites. However, before you proceed to convince them through the use of modern 


1, 2, and 3 present useful starting points for discussion. 
Try to emphasize Galileo's tremendous intellectual achievement, not only in the orig- 


inal enunciation of the law of inertia, but even more in his development of a new method 
of reasoning in which he combined the observation of real experiments with idealizations 
of these to simpler and more tractable situations. 
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LABORATORY AND DEMONSTRATION Experiment II-1 is one actually devised by 

Galileo, and beautifully illustrates his arguments. It can be used to introduce these sections. 
If you do not have time to do Experiment III-1 in the laboratory, it can be done as a demon- 
stration to show the tendency of a fallen object to return to its original height. You can use 
inclined planes as well as pendulums. Emphasize that the total path length is irrelevant 

if friction is small. Students will enjoy both making measurements and guessing how high 
the object will go it you change conditions slightly. 


CAUTION The standard demonstrations used in connection with the law of inertia (Such 

as pulling a tablecloth from under glasses) show merely that an object which is at rest 
tends to remain at rest. All students (including those who studied with Aristotle) are 

aware that an object does not tend to move if it is at rest. If you are enough of a showman 
the memory of such a demonstration may somehow remind your students of the law of 
inertia, but demonstrations which get at the tendency of a body in motion to remain in 
motion, such as those mentioned above, are much more desirable. Pulling a tablecloth 
from under glasses shows only that the frictional force was not great enough to accelerate 
the glasses appreciably; few students understand the point of these standard demonstrations. 


If you do wish to do such a demonstration, an amusing one which is somewhat more 
instructive is the following: 


A weight of several pounds is suspended 
with a length of thread. (The weight could 
be some reasonably heavy tool such as a pipe 
wrench.) Tie another piece of thread below 
the weight. Now pull gradually, harder and 
harder, on the lower piece of thread. Ask 
students to guess which thread will break. 
Eventually the thread above the wrench will 
break. (Look out for your knuckles!) The 
upper thread breaks first because the force 
on it will be the applied force plus the weight of the wrench. 


Next, suspend the wrench as before, but this time, starting with no tension in the lower 
thread, pull with a sharp jerk. If you do this quickly enough, the lower thread will break 
and the top one will remain intact. The explanation is that in order to transmit force to 
the upper thread, (since the thread is somewhat elastic) the wrench must move, increasing 
the stretch of the thread. The tendency of the wrench to remain stationary prevents the 
force of your jerk from being transmitted instantaneously to the upper thread. Before the 
wrench has time to move far enough to transmit this force, the lower thread breaks. 


F 


Section 3— Changes in Velocity When a Constant Force Acts 
Section 4 — Dependence of Change of Velocity on Magnitude of Force 
PURPOSE To show the relationship between force and change of velocity. 


CONTENT a. For a given object, a constant force imparts a change in velocity which is 
directly proportional to the time interval during which the force acts. 


b. For a given object, the change in velocity during a given time interval (1.e., the 
acceleration) is directly proportional to the applied force. 


EMPHASIS These are very important ideas, but should not require much class discussion 
if they are introduced, as recommended, through performing Experiments III-2 and III-3 
in the laboratory before discussing them in class. 
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DEVELOPMENT If after their laboratory work, you feel that your students need more 
practice in interpreting this kind of data, you might ask them to make their own measure- 
ments of Figure 20-7 (and/or 20-9), and to set up tables Similar to Tables 1 and/or 2 in 


Be sure that students realize that although the data derivable from these figures are 
limited to about 5% accuracy, Newton’s law is known to a much higher accuracy from 
other experiments. In Chapters 21 and 22 some of these will be discussed. 


COMMENTS In these sections the text emphasizes Av and At rather than explicitly using 
the acceleration, a. This was done to emphasize the relation between F, Av and At; to 
make clear how the relation is determined from observation and measurement; and to 


It may be instructive for you to raise questions about the difference between the effects 
of applying two forces to an object in parallel and in series. In the figure below these two 
arrangements are shown. 


(a) 


(b) A 


n the crate. The crate is pulled by two 
forces, each equal to F, and F + F = 2F. In (b : 80 
Series and attached to the crate at B. Now 1 a a ee, nected in 
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In order to avoid confusion it will be wise to sharpen students’ appreciation of the 
importance of being explicit about both the object on which the force acts and the agent 
exerting the force. In any physical problem, it is meaningless to discuss a force unless 
both the object and the agent are known. Of course, there are many times when both the 
object and agent are so obvious that they need not be stated explicitly. But from time to 
time you might ask a student who is dealing with a force for the complete description. 

(. e., Which force? What exerts the force? On what is the force exerted?) 


QUIZ QUESTIONS (or questions to stimulate classroom discussion) 


1) It is never safe to assume that forces in series are well understood. You might 
try this: A farmer with twin horses has a rope which is so strong that neither horse pulling 
alone can quite break it. 


Wall 


Horse almost but not 
quite strong enough 
to break the rope. 


same rope 


Will the rope break? 


Twin Horses 


Some students will expect the rope to break when an extra horse is involved, They 
fail to realize that the second horse merely replaces the wall, 


2) Another stock question which is often a puzzler is the following: 


A horse is hitched to a wagon with a rope. The horse pulls on the rope with a force, F. 
The rope, then, pulls on the horse with a force,F. Then why is it that the wagon starts 
to move? 


The important point here is that in considering the acceleration of any object one must 
consider those forces which are acting on that object. The wagon starts to move because 
the pull of the rope on the wagon is greater than the backward force of friction. The horse 
starts to move because the forward force exerted by the ground on his feet is larger than 
the backward force exerted by the rope on him — and 80 forth. 


Section 5 — Inertial Mass 
Section 6 — Inertial and Gravitational Mass 


PURPOSE To define operationally the idea of inertial mass. To point out that inertial and 
gravitational mass might be expected to be independent because the operations used to define 
them are entirely different. To cite the empirical evidence for the direct proportionality 
between inertial and gravitational mass. 


CONTENT a. Inertial mass is the ratio of the net force on an object to the acceleration 
it produces. 
F FAt 
me ox m Fy" 
The ratio F/ a is closely the same for all speeds of motion of the mass that are small com- 


pared to the speed of light. 
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m. j 
A 


| : .. €. There apparently is no | cally necessary relationship between gravitational and 
5 inertial effects, 8 the pull of gravity on various objects 1s 


observed to be 
D. directly proportional to their inertial masses. 
EMPHASIS These ideas are centrally important. You may need to spend a full period 
presenting and the concepts of gravitational mass, inertial mass and weight 
Even then, you may need to comment from time to time to help keep the ideas str aight 
APPROPRIATE LABORATORY Experiment III-4 should follow class discussion of these 
Sections. It can be omitted if you are pressed for time. 
COMMENTS Students will feel more at home with inertial mass if you can give them an 
intuitive to supplement the formal definition based on force and acceleration. 
When students think of something massive they tend to think of weight, and if asked to 
judge mass, they might “heft” it, They will get a much better idea of inertial mass if 
you can get them to think of moving 


$ an object from side to side (1. e., judging the mass 
by the effort required to “shake” it), 
[ * * * 


to the equivalence of mass and energy in Section 6 
(See Teacher's Guide for Part I, page 7 6.) The 
latter chapters of Part III. Detailed class discussion 
you are asked, you might tell the questioner that 

as equivalent — they can be converted into each other, but 


the square of the speed of light 


17 m k i = constant 


Because 
fraction of the mass of the flashbulb, it would not be 
though the mass of the light can be detected. (See 


Xperiment. However, the 
Proportionality of inertial and 


to dis sh x rA 2 
any object. They tinguish between the two different kinds 
rt 


y independent Set of 1 
erations of A and B ! exper 
would acceler "à dd the action of various forces 


we could conclude that the 


in rom these acceleration experiments 
have been predicted f ertial mass of A is 


twice that of B. 
on two diffe 
Consequently, there i 


Y asic principle relating the Sravitational masses of the two 


BO ors 


objects. The fact that the two mass ratios are identical is an experimentally-established 
relationship. * 


Actually the two kinds of experiments described above could not be performed with an 
extremely high degree of accuracy. A more accurate method, which is directly sensitive 
to the ratio m. 


edm. TE 5 
inertial’ gravitational 
eration of different masses in free fall. Such a method will be treated in detail in Chapter 
21, Section 2. 


More precise experiments based on this same idea involve the,oscillation frequency 
ofa pendulum. The gravitational force tends to push the pendulum to its lowest position; 
the inertial mass resists the acceleration produced by this force. The pendulum frequency 
is proportional to the square root of the ratio, (m mj) ; it is also proportional to I 


where g is the acceleration produced in free fall and £ is the pendulum length. Very pre- 
cise experiments have been made using pendulums of the same length but different materials. 


is the measurement of the constancy of accel- 


Even more precise measurements are currently underway which involve measuring the 
speed of revolution of the moon (or an artificial earth satellite) using a very precise time 
standard established by an ‘‘atomic clock" (i.e., a clock which is stabilized by character- 
istic frequencies of particular atoms). The best experiments thus far show that the ratio 
of m to m, varies by less than 3 parts in poets 

This apparently coincidental relationship, the proportionality of mg and mj, is proposed, 


in Einstein's general theory of relativity, as a universal truth, an inherent property of 
matter. This principle of equivalence“ is one of the premises upon which the theory is 


built. 


Section 7 — Newton’s Law: Dynamical Measurement of Force; Units 


PURPOSE To identify Newton’s law and to establish a unit of force which can, in turn, be 
used to measure masses. 

CONTENT The relationship, FAt = mAv, or F = ma, is identifies as Newton’s law of motion. 
This law provides a basis for defining a unit of force. Acceleration can be measured in 
terms of distance and time — meters and seconds, and we can get known amounts of mass 

by comparison with the standard kilogram, so a unit of force — the newton— cap be defined 

as that amount of force which will cause a 1-kg mass to accelerate at 1 m/sec With 

forces so defined, we can then measure masses in terms of the quantity, F/a. 


EMPHASIS Get across the idea that Newton’s law provides a meaningful, non-arbitrary, 
basis for defining a unit of force. Don’t stop for extensive practice on the use of the new 
unit here, as it will come up naturally in the rest of this chapter and in the next two chapters. 


COMMENT This section describes another step forward in the physicists’ attempt to work 
with things that can be derived from first principles. Newton’s law is one of these first 


* You might like to think about the following argument although it is not appropriate for 
class discussion at this point in the course. The force on an electrically charged body in 
an electrical and gravitational field can be described as 


F= gË + aË 
where =m. There is no a priori reason we know of that dg the ‘‘gravitational charge“ 
(or gravitational mass) should be the same as the inertial mass, any more than EN Should be 
the inertial mass. Experimentally, however, d. is proportional to mi and can be chosen 


equal to it by an appropriate choice of standards. 
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$ oncept of the magnitude of a force is thus defined in terms of one of the 
"owed We could define rit unit of force in terms of how much it would stretch a 
well-preserved spring kept in some national bureau of standards. But this definition would 
be completely arbitrary. The unit of mass seems arbitrary engugh, but actually it now can 
be defined in terms of the mass of the hydrogen atom; 5.98 X 10 of them make a kilo- | 
gram. The standard could as well be the mass of a single hydrogen or oxygen atom except | 
for its being an impractically small unit of mass. 

* * * 


— — 


As is pointed out in the footnote on page 317, the text refers to one law as Newton's 
law of motion. Newton is often credited with three laws. The law of inertia, frequently | 
called Newton’s first law, was stated by Galileo and is simply a special case of the ‘‘second 
law” — it covers the case where F = ma - 0. The second law'' is just F = me and is called " 
here Newton’s law of motion. The third law“ relates to the equality of forces of action Ü 
and reaction, and is discussed in Chapter 24, Section 8; it is not really a law of motion. 


Section 8— Forces That Change, and Newton's Law 
PURPOSE To show how Newton's law can be applied if the force is not constant. 


CONTENT a. If a force changes, its effect can be calculated by considering what happens 

in each of many very small successive time intervals. (These time intervals can be chosen 
to be so small that the force is essentially constant during the interval.) For each time | 
interval, At, the change in motion is described by the equation FAt - mAv. | 


b. FAt- mAv is true, independent of any initial speed the object may have. (The equation 
does not hold at speeds approaching the speed of light.) 


EMPHASIS It is important that students understand the idea that we are able to use Fat = mAv 
to analyze changes in motion during a particular time interval without being concerned with 

the source or nature of the motion the body may have at the beginning of that time interval. IL] 
However, once pointed out, the idea should be clear. The statement of the law restricts it, f 
so to speak, to the change in velocity of a particular mass acted on by a constant force for 1j 
a particular time interval. If we wish to analyze motions involving changing forces, we 


. folet our time intervals in such a way that within them the force is (essentially) 


COMMENT From what previously has been established from experimental observations 
(i.e., that F = ma if F is constant), it is not logically possible to deduce, by argument alone, 
what happens if F is not constant. The fact that we do experiments in which a force is 
applied and then removed means that we have seen Situations in which the force varied with 
time and no striking departures from the law F = ma were observed. To be more confident 


that the acceleration depends only on F/m instead of, for example HE (F XE 
do experiments. Collisions, discussed in Cha; B ; 
> pter 21, and planetary motions are excellent 
ae 9 to check that the instantaneous acceleration equals the instantaneous 
y the mass, without any added terms that depend on the rate at which the 


Inthe ase of motions Wi speed ses tid verify Newton's la of motion exce 
ne i 
extent that the effective mass varies with BE inel c 


) ve have to 


Section 9 — How Forces Add; The Net Force 


1 Section 10 — The Vector Nature of Newton's Law 
OSE Toc é 
ges 1 ee au the effect of several simultaneous forces, and to extend Newton’s 
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CONTENT a. Forces add as vectors. 
b. Newton's law applies to the vector sum of the forces acting on an object. 


c. Newton's law can be written as the relation between two vectors: the net force and 
the acceleration. 


EMPHASIS These results require experimental proof, which is given in Chapter 21. 

As long as the point is accepted by students that Newton's law retains its-extremely sim- 
ple form in even the most complicated situations, but not much time need be spent on de- 
tailed discussion at this stage. 


COMMENTS Newton’s law has been established as a relationship between the acceleration 
of an object and a single force acting upon that body. When several forces act, at any in- 
stant, there is still only a single observable acceleration. The single effective force which 
satisfies Newton’s law can then be found: ma = F effective" This F effective must be re- 


lated to the several independent forces which are acting. It is found experimentally that 
F effective is simply the vector sum of all of the forces that are acting and is called the 


A finer point: The relationship F = ma, as suggested in this section, has more con- 
tent than has been shown up to this point. F = ma implies that the acceleration is always 
proportional to the force, no matter what the angle between the force and the velocity, 
Since velocity itself does not appear in the equation. For example, Newton's law should 
hold if we shove something sidewise to its motion. This will be verified experimentally 
in Chapter 21. 


Section 11 — Forces in Nature 


PURPOSE To indicate that, though forces in nature are often complex, the consequent 
motions can be analyzed with Newton's law. 


CONTENT To learn about the many forces in nature, we can study motions to find the 
accelerations, and then apply Newton's law to deduce the forces. Once we have learned 
about the forces, we can predict any other motions produced by these forces. 


EMPHASIS Treat briefly. The ideas of this section lead toward Chapter 22 which gives 
an exciting example of the application of Newton's law. 


COMMENT While not of great immediate consequence, it is worth noting the 

point that air resistance increases with speed. Understanding this now will reduce the 
number of ideas to be assimilated when students analyze the Millikan experiment (p 469- 
474), and must understand that constant velocity of a particle moving through air means 
no net force, and since air resistance is proportional to velocity, different constant 
velocities represent different applied forces. In the range of velocities used in Millikan's 
experiment the velocity is proportional to the applied force — it is not so for all velocities. 
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Chapter 20 — Newton's Law of Motion 


For Home, Desk and Lab — Answers to Problems 
is a good measure of their under- 


The ability of students to analyze and solve problems 
al problems in class will be help- 


standing of the ideas in Chapter 20. The analysis of typic 
ful.* 

The following table classifies problems according to their estimated level of difficulty 
and the sections to which they relate. Those which are especially suited to class discussion 
are indicated. Problems which are particularly recommended are marked with an asterisk 
(9. 

Answers to all problems which call for a numerical or short answer are given following 
the table. Detailed solutions are given on pages 20-16 to 20-32. 


review 


SHORT ANSWERS 


1. (a) 10 em. 5. 30 cm/sec”. 
(b) 100 cm. 
6. i; 
(c) 200 cm. e a 
See discussion on page 20- 17. 7. See discussion on page 20-18. 
See discussion on page 20-17. 8. (a) The first object. 
4.0 m/sec. (b) 0.36 


*Problem 15 is a particularly instructive problem, but if you assign it you should take 
account of: 


1. In the first printing of the textbook, the caption for Figure 20-16 was omitted. The 
caption is included in the second printing. The caption indicates that the scale is in cm, 


and the interval between flashes is 0.2 sec. 


2. Some students may have difficulty in seeing that they must deal with average speed 
in successive time intervals. See the SPECIAL NOTE under the discussion of Problem 15 


on page 20-21 . 
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9. (a) 0.239 22. 


(b) Aluminum. 
10. See discussion on page 20-19. 
11. 2nt. 


12. Sm/sec". 23. 


13. 6m/sec". 


14. 1:9m/sec^. 
15. (a) See discussion on page 20-2). 


(b) See discussion on page 20-21. 24. 


10 See discussion on page 20-21. 


(e) 1.0nt. 25. 


16. (a) 


4.0 sec. 


1.0 sec. 


(a) 
(b) 12m/sec. 


19. Zero force. 
See discussion on page 20-24. 


20. (a) Acceleration increasing, 29. 


proportional to t. 


(b) Force increasing, 9». 


proportional to t. 


21. (a) 0.40 m/sec. 
(b) 0.10 m/sec. 
(c) In the same direction as initially. 


COMMENTS AND SOLUTIONS 
PROBLEM 1 


(b) Use a balance. 26. 
21. 


(b) 0.35 m/sec, 2.8 m/sec. 28. 


(2) 3.0 m/sec’. 
(b) 9.0 m/sec. 
(c) 6.0 m. 
(d 12m. 


(a) m/sec”, 


(b) im/sec". 

(c) There was a frictional force 
of 2/3 nt. 

(a) 0.70 m/sec” along the bisector. 

(b) 1.0 S, 0. 


(a) 2.0 m/sec. 
(b) 25° to the Ant force. 


520 nt. 


F = 8200 nt. 


applied 

(a) See discussion on page 20-30. 

(b) 3.0m/sec, 6.0 m/sec. 

(c) Change in mass does not affect 
maximum velocity. 

(d) The maximum velocity would 
decrease. 

See discussion on page 20-31. 


Bee discussion on page 20-32. 


A ball is released from rest on the left-hand in- 
cline of Fig. 20-4 at a height of 10 cm above the 
lowest point. 

(a) If there is no friction, how high vertical! 
will it rise on the ri; incline ^. ; 


(c) If the incline rises cm for 10 
erm of horizontal distance, bos flu wi ne def go? 


a) The ball will rise to the same height, i.e., 10 cm. 


b) Since there is 1 cm rise for 10 cm 
travel a horizontal distance of 100 cm. 
299 cm. 

-c) The slo A 
1555 The el po paves The vertical height reached is still 10 cm, so the horizontal dis 


We are progress toward 
an indefinitely large Fd 


horizontal travel, in rising 10 cm the ball will 


Galileo’s ideal case of zero slope, when the ball will travel 
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PROBLEM 2 Why is it dangerous to step from a moving vehicle 
onto the ground? In what direction would you 
tend to fall? 


This is dangerous because when your feet touch the ground they will be brought to rest. 
However, the remainder of your body will tend to maintain the motion it had in the vehicle. 
If the center of the body moves forward beyond your support (your feet), you will fall. You 
would tend to fall in the direction in which the vehicle is moving. 


To prevent falling you must be able to keep your center of weight over its support points, 
i.e., keep your feet under you. To do this you must be able to run as fast as the vehicle is 
moving when you step off. It is easier to wait for the bus to stop. 


PROBLEM 3 Why is it particularly dangerous to drive on an 
icy highway? 

A force is required to produce the acceleration associated with turning, slowing, and 
speeding up. This force is developed between a car and the earth through the friction 
between tires and road surface. The force of friction between tires and ice can be less 
than one tenth what it might be between tires and a dry road. The relatively small frictional 
force that is developed on an icy road makes it difficult to change appreciably either the 
magnitude or direction of a car's speed. Thus, on an icy road, a car often perversely 
maintains its speed and direction despite brakes, throttle or steering. In such cases, even- 
tual contact with a telephone pole, a roadside ditch, or another car may supply an acceler- 
ating force. S 


PROBLEM 4 A certain force exerted for 1.2 sec raises the speed 
of an object from 1.8 m/sec to 4.2 m/sec. Later, 
this same force is applied for 2.0 sec. How much 
does the speed change in the 2-sec period? (In 
both cases, the force is applied in the direction of 
motion.) 

In this problem we are, in effect, given a few bits of data like that in Table 1. Since 
the force is the same in the two cases, the change in speed is proportional to the time. 


Av, At At 
Le a aha A: tias Ay, = 20 2.4= 4.0 m/sec. 
: : 5 


PROBLEM 5 A body is pulled across a smooth horizontal sur- 
face by a spring that is kept stretched by a con- 
stant amount. It is found that the body is 
accelerated at 15 cm/sec*, What will be the ac- 
celeration of the body if it is pulled by two springs, 
oe ae aiia side by side and 
s d bythesameamount? [See Fig. 20-8(a).] 


Both springs pull on the body. Since the springs are stretched by the same amount, 
they pull with equal force. Therefore, Fiotal - Fi + F, = 2F,. Since the force has been 


doubled, the resultant acceleration must also be doubled: 


Fi * 2E, 7 2 2 
R 15 cm/sec’, aie 2 * 15 cm/sec = 30 cm/sec’. 
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PROBLEM 6 An 
of 


with 
for 0.9 sec, what in speed results? 
EQ tad feces hoe dischi of me- 


a) Because the masses and the time intervals are the same in the two trials, the ratio 
of the forces is equal to the ratio of the changes of speed: 


2 _ 0.8 m/sec - 0.5 — 15 
Fr Av 0.4 m/sec - 0.2 m/sec = 

b) When a given mass is accelerated by a given force, the change in speed will be pro- 
portional to the length of time the force is applied. In the second trial, since the time is 
three times longer, the change in speed will be three times greater. 


At, Av At, 

ae 2 = Av. —2= 0.9 sec , 

H By,’ and Av, AAG 0.3 m/sec XTS Beo 0.9 meters/sec. 
PROBLEM 7 In Section 20-4 we discussed a way in which 


One way to do this would be to yoke two 
identical springs to a standard Spring. This 
System of springs can be pulled until the 
Btandard spring has its standard stretch. 
When the system of springs is held steady at 3 
this point, the yoke does not move (its accel- $ 
eration is zero) hence the yoke is subject to 
no net force and the total force exerted by the 
pair of test springs must be equal to the stan- 
dard force. Fa my. F5. 


If the two test springs are identical, they will each have the same Stretch, and F, and 
F 
2 
F, will be equal. Then Tos Esa 


test spring 1 


E | 
Ü 


test spring 2 


In order to test these half-standard forces, 
Springs successively apply a force to the same 


each for the same length of time, observe the increase 
8 > in velocity of the test body. If 
ri F, = 1/2 Fe, then when FI and F, act separately on the same body, they should each 
produce only half the velocity change produced by F . 
8 


we can perform experiments in which the 
body. Applying r., FI and F, separately, 
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PROBLEM 8 Suppose you accelerate an object with a stead 
force and find that the ee during : 
time interval Af of 1 sec amounts to 2.4 m/sec. 
You now repeat the measurement using the same 
force with a second object. It gains 3.3 m/sec in 
0.5 sec. 

(a) Which body has the greater inertial mass? 
(b) What is the ratio of the inertial mass of 
the second object to that of the first? 


8) The change of speed of the first object is 2.4 m/sec in one second. The change of 
speed for the second object is 3.3 m/sec in 0.5 seconds, or 6.6 meters in one second. 
Since the forces are the same, the first object must have the greater inertial mass. 


b) Since the forces are the same in both cases, mia mag. 


PROBLEM 9 (a) Two blocks, made of different metals, iden- 
tical in and size, are acted upon by 
forces which cause them to slide across a friétion- 
less horizontal surface. The acceleration of the 
second block is found to be 4.18 times that of the 
first. What is the ratio of the mass of the second 
block to that of the first? 

(b) The first block is known to be made of lead. 
Using the densities given in Table 2, Section 7-4, 
decide of what material the second block might 
be made. 


a) Since the applied forces are equal, mia = ma 


my 1 2 
m, ay TI8 E 18 g 


b) Since the density of lead is 11.3, the density of the second object must be 
E -2.70. From Table 2, the second block may be made of aluminum. 
PROBLEM 10 Why is the flask in Fig. 20-10 closed? Be pre- 

pared to explain in class, & 


The flask is closed so that no product of the chemical reaction can escape from the 
system. (Actually no gas is generated in this reaction.) Thus the mass of the flask plus 
contents remains constant. 

Note: Rigorously, if heat, light or sound energy are given off during the reaction, 
there will be a corresponding decrease in mass as dictated by the mass equivalence of 
energy. However, this change is negligibly small, and it is probably best not to discuss 
the point unless the question is raised by a student. A change of mass Am kg corresponds 


to a change of energy E = Ame” = Am (3X 10° m/sec)” -29X 1076 Am joules. Very good 
heating coal gives about 3 X 107 joules of heat energy per kg. This corresponds to a mass 
"A. 
change of only 3-539. - 3x10 1? kg for each kg burned; this constitutes a change of only 
9 * 10 


one part in 3 X 1010 parts. 
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PROBLEM 11 A body with à mass of 0.5 kg is accelerated at 4 
m/sec? How large a force is acting? 


Since the mas; is given in kilograms and the acceleration in meters/ sec’, the force 
will be expressed in newtons. 


F-ma-0.5kgX4 m/sec” = 2 newtons. 


PROBLEM 12 A force of 3 newtons is applied to a mass of 0.6 
kg. How fast does it accelerate? 


E _ 3 newtons | 2 
F-ma a m g ~ Smeters/sec’ . 


PROBLEM 13 A force of 5 newtons gives a mass mi an accelera- 
tion of 8 m/sec*, and a mass m, an acceleration 
of 24 mjsec?. What acceleration would it give 
the two when they are fastened together? 


This problem may be done in several ways. If it is handled step by step, we can note 
af ; 


25 
Tg and 


5 
„Ak 


5,5 5 
Hence, m,*m, 8 24 6 K. and 


M F 3 2 
a m, +m, 3/6 = m/sec’. 


In following these steps, it is apparent that F drops out. This might have been antici- 
pated by remembering that force is proportional to both mass and acceleration. We could 


have written 
m, = F/a,, and m, = F/a,. 
amr Rer I F poa dop FERE: 2 
m T7 + F/a, F/84 D F/ m/s 


PROBLEM 14 You have two objects, 4 and B, which balance 


each other when placed on opposite sides of an 
equal-arm balance. When you place both these 
objects on one side, they balance a third object C 
on the other side. Object 4 accelerates at 3.8 
Fei when pe applya ker force. Suppose 
wa is same force to C, i 
usui apply What is its 


Bince m, mp, and m, m, = me, it follows that m= 2 m, Since a given force ac- 
celerates m, at a rate of 3.8 m/sec?, 


rate, or 1.9 m/sec’. 


While balancing is concerned with gravitational 
mass, and acceleration is concerned 
with inertial mass, the experimentally determined equivalency of inertial and gravitational 
mass makes the above result what one would expect and, indeed, observe. 


the same force will accelerate m, at one half that 
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PROBLEM 15 "E 20-16 measure Ax, the distance traveled 
in each interval, for intervals 5 through 10. 
(a) What is the speed Ax/At in each interval? 
(b) What are the changes in speed Av in each 
ini 


terval? 
(c) What is the acceleration Av/Af in cach 
interval? 


(d) Has a constant sapapaos A 
(e) Assuming the disc has a mass of 2 kg, what 


is the average applied force? 
The caption for Figure 20-16 was inadvertently omitted in the text. The caption states 
that the scale is in cm, and the time interval between flashes is 0.2 sec. 
8), b), and o) The values below were taken from a studént's measurement. They are 
typical, not necessarily correct“. 


Interval Ax Ax er a 
number (cm) At (cm/sec) 
Š (oni/ 209) (cm/sec) 

: bis pj 10.0 50.0 ‘ 

; is =s 10.0 50.0 

: id dio 4 9.5 47.5 

^ bs: 10.5 52.5 
9 16.9 84.5 10.0 50.0 
10 18.9 94.5 


d) Variation in the value for acceleration can easily be due to small errors in mea- 
surement. A constant force probably has been acting. 


2 
average 50 cm/sec” = 0.50 m/sec”. F 2 N 0.50 = 1.0 newtons. 


Note that 1 cm on the scale in the picture is slightly less than 1/16 inch. Hence, even 
careful students may make errors of 0.3 cm in measuring Ax. This corresponds to an 
error of 1.5 cm/sec (or 15% in Av. If errors are made in adjacent Av values, errors of 


30% or 15 cm/ seo" may be common in the acceleration, a. 


Note also that certain errors are compensated through the procedure of taking suc- 
cessive differences. If one Ax were measured too large, this would result in too large 
a value for Ax/At in that interval. This will affect the calculations of two of the Av’ s, 
raising one value and lowering the other by the same amount. Then in taking a final av- 
erage, the effects of such an error would tend to cancel out. 


SPECIAL NOTE: In solving this problem, some students may have difficulty in seeing 
that they must deal with average speed in successive time intervals. For this difficulty, 
you may want to let them struggle, then straighten them out in class discussion, or you 
may want to give them a few pointers, If you want to provide hints, you can suggest that, 
in 


e) 


Part a) „speed, A At in each interval“ means average speed. 

Partb) ''changes in speed, Av, in each interval’’ should be interpreted as changes 
in average speed between the successive intervals. 

Part c) acceleration At, in each interval“ should be based on changes in av- 
erage speed between the successive time intervals through assigning the 
average speed for the interval to the mid-point in time of each .2 sec interval. 


In any case, it will be instructive for many students, after they have worked this problem, 
to graph on the blackboard the velocity-time data for this problem (see below), and remind 
them that 
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1) Av for a .2 sec interval is constant (approximately 10 cm/sec) for any .2 sec inter- 
val ao taster what tastant (a chosen for tee EROS. of thet Bererval, and 


2 
that the acceleration Av/At in cm/sec’ is simply Av for a 1 sec interval instead 
Un .2 sec interval, and while the values for acceleration were derived from changes in 
average speed between successive time intervals, the acceleration is constant (the graph 
- is straight) no matter where one chooses to start“ a one-second interval. 


100 

90 
= — _ -10 cm/sec 
$ 2 — constant for 

70 2 any .2 sec 
8 60 r interval 
> o ! 

l 

1 2 | 
$9 
> 20 | 

10 | 


0 2 .4 6 86 1.0 1.2 1.4 1.6 1.8 2.0Time (sec) 
1 2 3 4 5 6 7 8 9 10 Interval 


PROBLEM 16 A force of 3,0 newtons is exerted on an object and 
1 eri * 
a) Assuming that is force on the 
what is the mass? sy A 
) How would make an independent 
Meist of Qe Rant 
(c) Suppose this measurement indicates that 
the mass determined by the first method is 


a) F=ma. m= 


a m/sec 


b) One possible way is to place the object on an equal arm balance and balance it against 
masses. 


e) You might suspect that a frictional force was acting on the object in opposition to 


the measured force that was intentionall 
than 3.0 newtons. y applied, resulting in the net force being smaller 


Note: If friction were found not to be a 
errors should be suspected. reasonable explanation, one of the following 


(1) One of the standard might 
(2) The force standard (3.0 newtons a 


Items (1), (2), (3), and (4) could be checked by comparing 

aa ( the one that is most likely to be in error. In order to check (5), the 
= = can be repeated. To investigate (8), the experiment could be done twice, in 
be 9 ait ogo Taking the average of the two results would eliminate the effect of & 
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PROBLEM 17 Two bodies, one of mass 8.0 kg and the other of 
mass 2.0 kg, stand at rest on a smooth table top 
Side by side. The 8-kg mass is accelerated from 
rest by a force of .70 newton and the 2-kg mass 
is accelerated from rest in the same direction by a 
force of 1.4 newtons. Both bodies start accelerat- 
ing at the same instant of time. 

(a) How long does it take before the separation 
of the bodies is 5.0 m? 

(b) What is the velocity of each at this instant 
of time? 


a) When a body moves from rest with a constant acceleration, (Chapter 6, Part I), 


di - i at, and d, 2 S 12 In this problem the time of motion, t, is the same for the 


2 
two bodies. 


We are interested in knowing how much time will elapse before the absolute value of 
the difference between d and d, is equal to 5.0 meters. Since ay is greater than 845 d, 


will always be greater than di. Hence, we wish to find the value of t undér the condition, 
d, - di = 5.0 meters. 


Substracting the first equation from the second, above, we find: 


2 1 2 


i 1 eia S 
d, - dy = at 2 at = a at. 


89 771 


= 210 2 -14 2 ineo. 
We are given that a, = $5 m/sec“, and 22 = 55 m/sec“. Also, d, d, = 5.0 m. 


From this expression, I: X (d, - dj) ) 1/2 
hf tae: ieee 


Substituting, 


2X 5.0 e (ea jac ae Kou 


-1/2 
9 4.9 49 49 ) 


t= 2x y= 4.0 sec. 


(We can check algebra by pie 


SI GO PRU x 2x 400 X2 „ 
1 2 at= Lx g /s —49 Sec = 0.71 meters, and 
d, = i ay - i 2 - a g m/sec 2 x ae 2 sec” = 5.71 meters. ) 


b) To find the velocity of each iudi at the instant they are 5.0 meters apart, knowing 
their accelerations and the time, we make use of the relation v = at. 


70 
arg 850 % 4.0 = gg = 0.35 m/sec. 
= .10 X 4.0 = 2.8 m/sec. 


PROBLEM 18 A block of mass 3.0 kg is moving along a smooth 
horizontal surface with a speed v, at an instant of 
time / = 0. A force of 18 newtons is applied to 
this body opposite to the direction of its motion, 
This force reduces v, to one-half its value while 
the body moves 9.0 m. 

(a) How long does it take for this to occur? 
(b) What is »,? 
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-time graph of the motion of the 3.0-kg mass in slowing from 
v e be helpful. We are given the acceleration and distance 
0 0 


the slope and the area of the graph). We 
pa find v 5 and t, the two linear dimen- Yo 


sions. We know that d= Moy AZ p is 
clear from the graph DAT avo TiVo 
Hence, we can write d= avo" 


Ya 6 m/sec” 
— 


! 
j 
[j 
— — 
t 


distance (ave) = 9m 
In 44%, we know d, the area. We 


will be able to solve this problem if we can 
express either ot the dimensions, Yo or [5 


in terms of the other. What do we know? First we know that Av = v /2. Second, we also 
know that Av = at. Hence, 


v 
-2 = at= 6m/sec” xt, and 


vo 12 m/sec” Xt. 


From d= int t». M... substituting, 
0 


172 
-e deere (ge VU 
o 3X12m/sec xt 36 m/sec 


Since YS" 12 m/sec” Xt, v, 7 12 m/sec. 


PROBLEM 19 If the distance covered by a moving object varies 
directly as the time, what conclusions could you 
draw about the motion and the forces? 


If the distance covered varies directly as the time, this means that the increment in 


distance, Ax, is proportional to the increment in time, At. Expressed analytically; 
Ax/At = constant. 


But Ax/At is simply the speed of the object. Therefore, it must be moving with con- 
Stant speed, and we may conclude that there is no net force acting in the direction of the 
motion (A force might be acting perpendicular to the direction of motion but this would 
not affect the speed. With a constant perpendicular force, motion at constant speed in a 
circular path would result.) 


PROBLEM 20 You observe an object covering distance in direct 
proportion to H, where t is the time elapsed. 
(a) What conclusion might you draw about 
acceleration? Is it constant? Increasing? 
Decreasing? Zero? 
(b) What might you conclude about the forces? 
Be prepared to discuss in class, 


a) If an object moves with constant speed, from d= vt, we know that d œ t. If an object 
moves with constant acceleration, from d= dat”, we know that d œ t^. Hence our given 
object cannot have zero acceleration or constant acceleration. Further, when d © t d is 


increasing with t more rapidly than when d « t Therefore the acceleration must be in- 
creasing with t. 
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What relation between a and t must hold for d « e Compare the case of constant accel- 
eration with our given case. If instead of d œ m we write d = t X E it may be à bit easier 
to see the relation. 

Given case: d t X un 
Constant accel: dc a X e 


For the case of: d Œ t X & if the acceleration is proportional to t instead of being con- 
stant, d will be proportional to È. Hence, if dt, a c t. The acceleration is increasing 
uniformly with time. 

b) From F - ma, F « a. If a ct, Ft. The accelerating force must be increasing 
uniformly with time. 
* * * 
Some students may require a more concrete approach to this problem. We can write- 


x= Kt’, and construct a table of time, distance covered, speed, change in speed and accel- 
eration. To do this we must assume some arbitrary value for the constant, K, and choose 


an arbitrary time interval. For simplicity, we shall set K-1m/ sec? and At = 1 sec. 


t (sec) x (meters) Ax v=Ax/At(m/sec) Av (m/sec) Av/At m/ sec? 


1 1 

1 N 6 6 
7 7 

2 8 12 12 
19 19 

3 27 18 18 
37 37 

4 64 24 24 
61 61 

5 125 30 30 
91 91 

6 216 36 36 
127 127 


7 343 
We see, by inspection, that the acceleration is increasing linearly with time. 


PROBLEM 21 You pull a sliding disc with a constant force, 
starting from rest. The speed. increases 0.10 
m/sec in each At of 0.30 sec. 

(a) How fast is the body moving after 1.2 sec? 

(b) Now you begin pulling with the same force 
in the opposite direction. You continue pulling 
in the reverse direction for 0.90 sec. How fast is 
the body moving? 

(c) In what direction is it moving? 


a) Since the disc started from rest at t = 0, the instantaneous speed at any time, t 
seconds later, will be given by v = at. 


= at -A xp = 0:10 m/sec i 
v. Se es m 0.30 sec X1.2 sec = 0.40 


b) Applying the same force in the opposite direction produces a reversed (negative) 
acceleration. The change in speed (not the absolute speed since th object is not starting 


sec. 
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from rest) is given by: 


Av x... 0.10 m/sec , = -0.30 m/sec. 
Av = at = A Xt-- 9.30 sec * 0-90 sec 70.30 m/sec. 


The final resultant speed will be the vector sum of the initial speed at the time of the 
force reversal, and the change in speed that occurs during the 0.90 seconds thereafter: 


vf 912 + Av = 0.40 - 0.30 = +0.10 m/sec. 
c) The positive sign of v, indicates that the final speed is still in the same direction as 
the initial motion of the disc. 


You might ask your class what the final speed would be if the disc was pulled forward ' 
for only 0.30 sec, the difference in time between the forward and backward pulls. They 
Should see that the result would be the same. This approach can be used because the force 
is the same for both the forward and backward pull. 


PROBLEM 22 A block of mass 2.0 kg is pulled on a frictionless 
table by a constant force of 6.0 newtons. The 
À block starts from rest. 
(a) What is the acceleration of the block ex- 
in meters/sec*? 
(b) What is the speed of the block 3.0 sec after 
the force starts 1 A 
4 (c) How far does the block travel in 2.0 sec? 
(d) If at the end of 3.0 sec, the block splits in 
two equal pieces — one piece still being pulled by 
the force of 6.0 newtons, and the other free — 
how far apart will the two pieces be 2.0 sec after 
the break occurs? 


a) F- ma 
3 6. 
aste = 3.0 meters/ sec’. 


b) Since the block starts from rest, we have, after 3.0 seconds, 
v= at= 3.0 & 3.0 = 9.0 m/sec. 
€) Again, since the motion starts from rest, we have, 


1 
a- at” =5 3.0 x 2.0? = 6.0 meters. 


F 6.0 2 
: will be a= ae 6.0 m/sec’; therefore its Speed at the end of the two additional sec- 


2 
conds will be 6.0 m/sec” X 2.0 sec = 12 sec lit. Thus 
it will be moving at 9+ 12 = 21 m/sec. P4 oat Ene of the ep 


Its average speed during the 2.0 second period 
must have been 2+ eE 15 m/ 
2:0 Sec. Traveling at this average speed for two seconds, the 


S accelerated half of the block must co tance of me 
ver a dis of 30 ters in the two second i 
Then the distance between the two pieces will be 30 -18- 12 meters. 


* * * 


Part (d) can be solved more directly b m 
y recognizing that the difference in distance be 
tween the two pieces of blocks will be given by the relative acceleration X time. After the 


split, the ac _ 6.0 newt 
plit, the acceleration of one block is TAS ub a = 6.0 m/sec”. The acceleration of 


20— 27 


the other block is zero. Hence, 6 m/ Bec" is the relative acceleration between the two 
blocks — it is the rate at which their relative velocity-is changing. In 2.0 sec. this relative 
acceleration would result in a distance separation of: 


d at -i x 6m/sec? X (2.0 Sec)" = 12 meters. 


PROBLEM 23 A block of mass 8.0 kg, starting from rest, is 
pulled along a horizontal table top by à constant 
force of 2.0 newtons. It is found that this body 
moves a distance of 3.0 m in 6.0 sec. 

(a) What is the acceleration of the body? 

(b) What is the ratio of the applied force to the 
mass? 

(c) Since your answer to part (b) is not equal to 
that of part (a), (at least, it shouldn't be), what 
conclusions can you draw about this motion? 
Give numerical results, if possible. 


a) The block starts from rest and is acted upon by a constant force. Assuming that the 
net force acting upon the block was constant, the acceleration will also be constant. Then 
the distance traveled will be: 


b) Since F = 2.0 newtons, and m = 8.0 kg, E 7550 =4 m/sec’. 


c) The observed acceleration, 8 m/ geo", was less than the acceleration computed from 


the ratio F, 2 m/ sec”. 


It could be assumed to have been a friction force. In order to evaluate tnis force, we 
must assume that it also was constant. Then we can solve for the net effective force 
which must have been acting to produce the observed acceleration. 


F. 


Therefore, some other force (retarding) must also have acted. 


- ma, and F - ma 


applied F friction friction ^ F applied 


2 ( sd 
Friction” ^ (8*3) = 3 newtons. 


The force of friction is opposed to the motion of the block. 


PROBLEM 24 A 6.0 kg object is acted upon by two forces of 3.0 
‘ newtons each. 

(a) If these forces act at an angle of 90° with 
each other, what is the magnitude and the direc- 
tion of the acceleration? 

(b) What is the acceleration if the forces act in 
the same direction? In opposite directions? 
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3) Newton's law applies to the vector sum 


of all forces acting on the object. Fy and F, ri cen 
may each be resolved into two components, (F4), = 2.1 nt (Fj) x 2.1 nt 
one horizontal and one vertical. The hori- 


zontal components will both be forces di- 


rected toward the right. The vertical (E), = 2.1 nt 
component of Fi will be directed upward, (F3, = 2.1 nt 2h 
whereas that of Fy is directed downward. F3 = 3.0 nt 


Since the angles are all 45°, the magnitude 
of each individual component is 

S.nt _ = 2.1 nt. The net vertical ae 
force will be zero. The horizontal force will be Fh 22 Vr il = 4.2 newtons to the right. 


Therefore, a= i - Le 0.70 m/ sec? along the bisector of the 90* angle between Fi and 


6.0 
Fy. 


6.0 


i 2 
b) Since F = 6.0 newtons if the forces act in the same direction, a= 6.0 1.0 m/sec . 


Since F = 0 if the forces act in opposite direction, a= 5 =0. 


PROBLEM 25 A 3.0-newton force and a 4.0-newton force act on 
i a 9.0-kg mass. The two forces act at an angle of 
60° with each other. 

(a) If the object starts from rest, how fast will 
it be moving after 3.0 sec? t 
(b) In what direction will it be moving? 


3) The first problem here is to obtain 
from the two forces which are given, one 
single resultant force of known magnitude 
and direction. This can be done graphically ey 
with protractor and ruler. 


9.0 kg 4.0 


Such a construction gives Pi = 6.1 newtons 


directed at an angle 0 = 25° from the 4.0 newton 
force. The force of 6.1 newtons will produce 
a constant acceleration of: 


6.1 
950 m/sec”. 


The iE Speed after 3.0 seconds will be x 
V = at= 9.0 X 3.0 = 2.0 m/sec. Enn A 


b) This velocity will be in a direction betw: won 
force, at an angle of 25° from the 4.0 newton 2 a as 5 
—— ue 5.9 newton force. 


e. 
Note: This vector problem can also be akin i 
indicated in the second figure. We can AE mm E omnet! 


i e that the 3 newton force has a component of 
0 * 0 os , : 
3.0 X cos 60° = 3.0 X5 = 1.5 newtons in the direction of the 4 newton force (the x 
direction). 


Its perpendicular component is 3.0 X sin 60° x = 5 
Then the components of acceleration are A 
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F 
A 2. 10*15. 55 m/sec, and 


s,m 9.0 
2.6 2 
ay 9.0 m/sec“. 
After 3.0 seconds, 
v. = 3.0 a. = 3:8 m/sec, 
6 
Le 0 m/sec 
TW ey gue Di ‘ly = 8.0 — 
VY * Y 3.0 fi 6 730 H 3.0 0 sec. 
PROBLEM 26 Two men wish to pull down a tree by means of a 


rope fastened near the top. If they use one rope, 
the tree will come down on top of them. To 
prevent this, they tie two ropes 10,0 meters long 
to the same point and stand on the ground 10.0 
meters apart when they pull. If each pulls with a 
force of 300 newtons, what is the force exerted by 
the ropes on the tree? 


Since each rope 1s 10.0 m long and the 
two men stand 10.0 m apart, the three lines 
form an equilaterial triangle, and the angle 
between the ropes is equal to 60*. 


The two forces are equal, so the result- 
ant must be along the line which bisects the 


60* angle. To find the component of each of 

the forces along this line, note that we have 7 

a 30°, 60°, and 90° triangle. The ratio of the b 

sides a:b:c: = 1:2:/3. Therefore, 5.29, 05430 ML 
r 

F = E N x y3 = 260 newtons. L\ e 


Tob 2 300 nt 300 nt a 


Each of the ropes pulling on the tree exerts a 1orce which has a component of 260 
newtons in the resultant direction.. Thus, the force exerted by the ropes on the tree is 
520 newtons. 


PROBLEM 27 Find the applied force required to accelerate a 450- 
kg rocket le a standing start to a velocity of 60 
m/sec along a 100-meter horizontal track. The 
retarding force of friction is 93 newtons, 


In order to solve this problem we must 
assume that the thrust of the rocket is con- 
stant and therefore that the acceleration is 
constant. Then, on a speed — time graph, 
the speed will increase linearly from 0 to 
60 meters/second, as shown at the right. 


To find the time that is required for this 
acceleration, we note that the area of the 
triangle, the distance traveled, is given as 0 
100 meters, and that during the time interval 


60 


speed--m/sec 


time--sec 
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required to accelerate to 60 m/sec, the average speed is 30 m/sec. 


d 100 m 
! — and t = = = 3.33 seconds. 
d= Y average" E Yaverage °° m/sec 


PU -mAy _ 450 X 60 _ 
Then, 13 5 At- mAv, and Ang At 3.33 8100 newtons. 


- - 1 = F_ + F,- 8100 + 93 = 8200 newtons. 
Fret F applied Friction and Fap nc? — 


* * * 


When this problem is discussed in class, you can point out that it is not necessary to 
solve for t. Without making a special point of it at this time, you can give some students 


2 
a bit of a headstart on energy through seeing that F is proportional to mv^/2. 


F ret At = m Av. 
= AY = 2d 
But d= Vive and ve 2 Hence At Av 
„ MN" my" 
3 net 2d 
PROBLEM 28 The retarding force of air resistance on a balloon 


is proportional to the square of the velocity. For 
à certain balloon, inflated a certain amount, this 
force is given in newtons by F. = A where vis 
the velocity in m/sec. The balloon and the air 
inside have a combined mass of 10 gm. 

(a) Draw gra of the balloon's acceleration 
as a function velocity when you pull it with a 
1.8-newton force and with a 7.2-newton force, 

(b) What is the maximum velocity that the 
balloon will reach in each case? 


(c) If the mass were 5.0 gm, how would this 
affect the maximum velocity? 

(d) What do you think would be the effect on 
the maximum velocity if you inflated the balloon 
to.a larger volume? 


a) 800; 
180 
2s; 700 
..140 600 
N 
g m So 500 
~ 100 2 400 
B 80 E 
E = 300 
40 200 
20 100 
0 
0.5 10 1.5 2.0 2.5 3.0 r 55-6 
v m/sec v m/sec 
S. =F -— 
, g-—het. “applied resistance | applied us 
m m m a 


à 8 2 1 
For an applied force of 1.8 newtons, a= oue 7 180 - 20v? m/sec?. 
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= 720 - 20v? m/sec’. 


2 
For a 7.2 newton force, a= T2 — 


10 
b) The maximum velocity is that velocity for which a= 0. In the first case, the balloon 


reaches a terminal velocity of 3.0 m/sec. In the second case, it reaches a velocity of 
6.0 meters/sec. 

c) A change in balloon mass would not affect the velocity. The resistive force of the 
air depends on the velocity only, not on the mass. Thus the resistive force will equal the 
applied force at some particular velocity, independent of the mass. This can be demon- 
strated analytically as follows: 


ie F applied 2 F resistance 


m 
=F -F =F - 0.2v? 
Du applied resistance applied 
To satisfy the maximum velocity condition we must set a 0. Thus, 
2 
0- F applied - 0.2V max 
2 
v -5 


max F applied 


V max 7 V5F applied (independent of m) 


Where v is in m/sec and F is in newtons. 


d) If the balloon were larger, it would present a greater area to the air, and the force 
of air resistance would be larger at any given velocity. (This means that the coefficient 


of * would be larger.) The result would be that the resistive force would become equal 
to the applied force at a lower velocity than before. Therefore Me. would be decreased. 


PROBLEM 29 Aristotle taught that a constant force was re- 

on to produce a constant velocity and from 

is he concluded that, in the absence of force, 
bodies would come to rest. 

(a) Name several situations where a constant 
force seems to produce a constant velocity. 

(b) How do you explain each of the situations 
in (a) in the light of Newton’s law of motion? 


a) Situations in which a constant force seems to produce a constant velocity: 
1. A horse pulls a wagon with a constant force at constant velocity. 
2. Acar attains a constant speed for any given gas pedal position (constant force). 


3. An airplane flies at a constant air speed when its engine speed and propeller 
pitch remain constant. . 


4. The balloon of Problem 28 would move with a constant velocity if a constant force 
were applied to it. 


b) In each example of this kind, careful inspection shows that, in addition to the applied 
force, there are other forces which oppose the applied force. In all cases of constant ve- 
locity, the applied force is balanced by opposing forces. [Usually these opposing forces 
are not constant but are proportional (but not directly) to v.] When the applied force exceeds 
the opposing forces at any given v, positive acceleration occurs. If the applied force is 

smaller than the opposing forces, negative acceleration results. 
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In the examples given in part a), when the object is moving with constant velocity, the 
Sources of the forces which oppose and balance the applied force are: 


l. For the horse and wagon, the friction of wheels on bearings and wheels on the road 
surface. 


2. For the car, road and bearing friction and (especially at high speeds) air resistance, 
3. For the airplane, air resistance. 


4. For the balloon, air resistance. 


PROBLEM 30 How would you define a unit of mass if people 
had placed a standard spring at Sévres instead of 
à standard mass? 


Since this is a chapter on dynamics, our first thought might be of a dynamical method 
of defining a mass unit. 


A direct way to establish a unit of mass would be to perform an acceleration experiment, 
The unit of mass would be the mass of an object which would be accelerated at a specified 


other force act on the body is a very difficult one to Satisfy, the ''frictionless'' pucks 
described and used in the films and text could be em 
is given by the spring and nothing else. 


A practical experimentalist, knowing the equivalence of gravitational and inertial mass 


He would have to recognize that the result 
would be sensitive to his position relative to other massive objects. Consequently hís 
position on the earth would have to be Standardized. For gre 


ative to the sun and moon also would have to be standardized. He woul 


Spring, in a vacuum. The frequency of an oscil 


root of the oscillating mass. This method would be by far the most practical. Further- 
more, it is a direct measure of inertial mass. 


While most students will not be familiar with simple harmonic motion at this point in 
the course, this type of answer may be suggested by the students’ 
inertial balance (Experiment L 
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Chapter 21 — Motion at the Earth's Surface 
PURPOSE 1. To generalize the study of dynamics to motion in more than one dimension, 
starting the exploration of forces in nature and giving evidence supporting the validity of 
Newton's law as a vector law. 
2. To use Newton's law in some simple situations which, however, are more compli- 
cated than produced by a constant force acting on an object confined to move on a straight 
line. The situations considered are: 


a. A constant force which is not in the direction of motion (Sections 3 and 4). 
b. A force constant in magnitude but changing direction so as to be perpendicular to 
the velocity at all times (Sections 5 through 7). 
c. A force confined to a single direction but varying in magnitude and changing direction 
(l. e., algebraic sign). (Section 8) 
3. To build up background for the dynamical consideration of planetary motions in 
Chapter 22. 
CONTENT 
Section 1 discusses weight and mass. On the earth the weight of any mass is about 
10 nt/kg. 
Section 2 treats free fall with no horizontal component of velocity. This motion is 
due to a constant force in the direction of motion and hence is an extension of the material 
in Chapter 20. It is given special emphasis because free fall is one component of the 
projectile motion to be discussed as the first vector example. 
Section 3 and 4 deal with projectile motion. The key idea is that the components of 
motion can be treated separately: 


1:2 
y= Voy! [3c gt. 
Sections 5 through 7 discuss circular motion. The velocity is v = un . The centrip- 


etal acceleration is: a= Em which can also be written as à = - ( 2 y R, ora= v 
Applying Newton’s law to this derived acceleration predicts that a centripetal force must 
act in order to produce uniform circular motion. 


Section 8 discusses simple harmonic motion by relating it to a projection of circular 
motion. It stresses the force producing simple harmonic motion. 


Sections 9 through 11 deal with the importance of using an unaccelerated coordinate 
system in applying F = má. 


EMPHASIS This chapter has two very important ideas. One is that Newton’s law is a 
vector law. This is verified for projectile and circular motion. t 


The second idea is that Newton's law can be used either: 
a. to predict motion if the forces are known or, 
b. to find the forces if the motion is known. 


As you cover this chapter, these points will be emphasized alternately. Verification 
of the vector nature of Newton's law will be the subject of those discussions centered 
about the developments in the text. The use of Newton's law to find the motion or the 
force is the subject of the problems. Students should find both these aspects of the material 
Stimulating. In this, the familiarity of the material arouses much interest. 


As they progress from free fall, to projectiles, to circular motion, to simple har- 
monic motion, students should be reminded of the wide variety of situations in which 
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Newton's law applies. When you finish the chapter, it may be worth while as a review to 
list the characteristics of the forces and motions which have been studied: 


Type of Motion Magnitude Direction Motion 
of Force of Force 
Free Fall constant constant in line of uniform acceleration 
motion 
Projectile constant constant but not in line parabolic, uniform 
of motion acceleration 
Circular Motion constant varying to be perpendic- uniform circular moti 


ular to motion 


Simple Harmonic proportional restoring. i.e., opposite oscillatory 
Motion to displacement to displacement 


In dealing with projectile motion the independence of the components of force Should be- 
emphasized. This is the key to the vector nature of the force. One reason for stressing 
free fall and doing practice problems is to get students to appreciate the great simplifi- 
cation which is possible when the components are separated. Taking components is also 
essential in relating simple harmonic motion to circular motion. 


In discussing circular motion, it will be wise to take time for a kinematic develop- 
ment of centripetal acceleration; students should themselves determine this acceleration 
graphically before they apply Newton’s law to circular motion. 


SCHEDULING CHAPTER 21 


9-week schedule 
for Part III 


Class Lab Exp't 
Period Period 


c. 2 
Secs. 3, 4 


Sec. 8. 
Secs. 9, 10, 11 1 


Laboratory. Experiment III-5 Forces on a Ball in Fli involv 
s es analysis of velocity 
changes 8 flash photographs. The experiment can be done after Section 4. 


The yellow pages include suggestions on handling these experiments. 
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Problems 17 and 18 are probably more easily handled after students have gained a little 
maturity with the ideas of the chapter than if handled with Section 2. 


Class Discussion Home Projects 

Boss) bo i E c 
4, 5, 8*, 7, 4, 5, 6, 7, 8*, 

Wege 10*, 17, 18 G59, 11 9, 10*, 11, 17, 18 


19, 21*, 22*, 23, 
24*, 25, 26, 27* 


Films: ‘‘ Falling Bodies", by N.H. Frank of the Massachusetts Institute of Technology. 
From observation of the constant acceleration of a falling body and F = ma, the proportion- 
ality of gravitational and inertial mass is shown. For objects in free fall, the independence 
of the vertical and horizontal components of the motion is considered, then is demonstrated 
with the monkey-and-gun experiment. This film can be used with Sections 2, 3, and 4. 
Running time: 30 minutes. 


**Deflecting Forces", by N.H. Frank of the Massachusetts Institute of Technology, shows 
how a force acting at a right angle to the direction of motion changes the direction of motion 
but not the speed. A constant deflecting force (perpendicular to the direction of motion) 


2 
results in circular motion with uniform speed. Using vectors, F = xm is derived from 


F= ma. The same magnitude of force is used to produce accelerations in both circular 
and straight line motion. The equality of the magnitude of the accelerations shows the 
validity of Newton’s law in vector form. This film is related to Section 5. Running time: 
29 minutes. 


“Periodic Motion”, by Donald Ivey and Patterson Hume of the University of Toronto. 
An object in simple harmonie motion is used to trace a displacement vs. time graph. 
Analysis of this graph shows that 4 œ = from Newton's law it follows that F œ -kX. This 
is verified by an experiment. The relationship between simple harmonic motion and the 
vertical component of uniform circular motion is observed 2nd analyzed, leading to the 
conclusion that the period for simple harmonic motion is given by T -27 Vm/k, where the 
motion results from a force whose force constant is k. This relationship is then tested 
and confirmed by experiment. This film is for use with Section 8. Running time: 
30 minutes. 


Frames of Reference’’, by Donald Ivey and Patterson Hume of the University of 
Toronto, demonstrates how different frames of reference lead to different descriptions 
of motion. The motion of a ball which falls from a moving cart, when the cart moves first 
with constant speed then under constant acceleration, is observed both from a reference 
frame which moves with the cart and from a fixed frame. These observations are used 
to distinguish between inertial and non-inertial frames of reference, and to show how 
‘fictitious’? forces arise in a non-inertial frame. Experiments with a dry-ice puck on a 
rotating turntable show the fictitious nature of centrifugal force in a rotating frame of refer- 
ence. The film closes with a brief study of the evidence provided by the Foucalt pendulum 
for the rotation of the earth in a Newtonian frame of reference. This film can be used to 
good advantage with Sections 9, 10 and 11. Running time: 26 minutes. 
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Section 1 — Weight and the Gravitational Field of the Earth 
PURPOSE To distinguish between mass and weight. 


CONTENT a. The weight of an object is the magnitude of the gravitational force on 
that object. 


b. While mass is independent of position, the weight per unit mass varies from place 
to place, but at any one place weights are proportional to the masses. 


C. The weight of an object at the surface of the earth is always very close to 9.8 nt /kg, 
but the exact value of this proportionality factor changes slightly with position on the earth. 


d. The gravitational force per kilogram at a given place defines the value of the 
gravitational field, F, at that place. The total gravitational field is the pattern of such 
values of £ throughout space. 


EMPHASIS These ideas are important but should not require much class time. 


DEVELOPMENT Problems 1 and 2 can be done in class. Arithmetic can be simplified | 
by using g 10 nt/kg, as suggested in the green pages for Problem 1, after students under- 

stand that § varies slightly at different places. To get a feeling for the magnitude of a E 
newton, students can compute their own approximate weights in newtons; have them get the 
weight from their masses expressed in kilograms. 


COMMENTS Defer discussion of why £ varies from one place to another until the next 
chapter, which deals with the law of universal gravitation. 


Perhaps no single subject in physics has been confused by more students than the 


distinction between weight and mass. It is important that students clearly understand the 
distinction between these quite different properties (see Chapters 7 and 20). 


Since the weight of an object is the force, F, exerted by gravity on the object's mass, m. 
it is most convenient, when thinking in these terms, to express F as 9.8 newtons/kg. On the 
other hand, when dealing with acceleration in a free fall problem, F is most simply con- 


sidered in the equivalent units 9.8 m/ sec”. At this point in the chapter the 9.8 nt/ kg form 
should be used. 


In this section the concept of a force field is introduced. While a brief discussion of 
what is meant by a field is certainly in order, the idea does not require emphasis at this 
point. This subject will be further explored in the next chapter and in Part IV. 


Section 2 — Free Fall 


PURPOSE To study vertical motion at the earth’s surface as a simple application of 
Newton’s law. 


CONTENT a. In the presence of a gravitational force alone, an 


object undergoes a con- 
stant acceleration a = -9.8 m/ sec’, down. 

b. For objects moving in the atmosphere, air resistance is oft 
speed increases, air resistance increases. Eventually, 


speed (the terminal velocity), the resistive air force eq 
acceleration ceases. 


en negligible; but as 
at some specific downward 
uals the gravitational force, and 


EMPHASIS This material is very important. It shows how motion can be determined when 
a constant force acts along the same line as the 


this now depends on how many similar problems 


to which your class needs a review of kinematics, They should be adept in handling free 
fall problems before they encounter the additional c. i 


FILM Falling Bodies’? by N. H. Frank, (see descri tion i be used 
to help pull together the idea F 


s in Sections 2, 3, and 4. The film is probably best scheduled 
near the end of class work on these sections 
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DEVELOPMENT Both in discussing the text and in solving problems, students should be 
reminded of the three distinct steps involved in determining the motion which results from 
the action of one or more known forces: 


1. Determine the net force, the vector sum of all the forces acting. 
2. Using Newton’s law, find the acceleration. 
3. With this known acceleration a find the motion by applying the kinematic equations. 


This separation is particularly worthwhile because it stresses the tremendously wide 
applicability of Newton’s law. Sometimes the forces may be complex; indeed the steps 
are often reversed so that the force is found from the motion. 


In illustrating these techniques in this section, the force is simplified by making the 
approximation that the air resistance, Fy is negligible. Further, one assumes that g 


is constant over the region in which the experiment is performed. (A more detailed 
treatment of the gravitational field will be given in Chapter 22.) 

All compact, dense objects are observed to undergo the same acceleration when falling 
in air, and all objects fall with the same acceleration in a vacuum. Newton’s law relates 
acceleration to force, F = m;a, where m, is the inertial mass of the object. But if F is 


the force of gravity on the object, by definition F = km, where m g is the object’s gravita- 
tional mass. Then a= * 5 and since a is observed to be a constant (g) for all objects, 
i 


m 
= must also be constant for all objects. Thus the observation of equal accelerations, 


under gravity, for all objects, is verification of the equivalence of gravitational and inertial 
mass. In practice, we set the constant k = g, and then the proportionality of my and m, 


becomes a numerical equality. 

In finding the motion from the known acceleration, the cookbook approach of formula 
substitution Should be avoided. Each new situation should be treated individually, draw- 
ing a Schematic diagram, selecting appropriate sign conventions and graphing both a and 
das a function of t. Figure 21-2 and Table II are a good reminder of the relation between 
motion and acceleration, 


Problems 8 and 10 are particularly recommended. A qualitative discussion of Problem 
9 provides a good example of the utility of graphs in understanding a situation. Problems 
17 and 18 can be done at this point although they are more difficult and might be saved for 
review purpose. 


Note: The question asked about terminal velocity in the text (page 327) turns up again as 
part (c) of Problem 5. When an object is moving down with a speed greater than its ter- 
minal velocity, it slows down because the retarding force due to the air exceeds the accel- 
erating force due to gravity. 


DEMONSTRATION - Constancy of Acceleration 


The PSSC film on free fall begins with a convincing demonstration of the equality of 
the acceleration of all objects, light or heavy, when they fall freely under the influence 
of only the force of gravity. If you do not use the film, you can show this demonstration 
yourself in class. It goes as follows: 


First take a book and a sheet of paper ( a little smaller in area than the book); 
hold them side by side and drop them simultaneously. The force of air resistance is 
comparable to the gravitational force on the paper, while it is much smaller than the 
larger gravitational force on the book. Hence, the paper soon has a smaller net force 
acting on it and falls more slowly. (The paper quickly reaches its terminal velocity where- 
as the book continues to accelerate. ) 


Ask for suggestions for explaining the lack of constancy of the acceleration and for 
the paper fall faster. Two common suggestions involve dropping the paper either 
after holding it edge down or after having crumpled it. Try these. 
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If no one suggests it ask about holding the paper above or below the book. In either 
case they will fall together. Putting the book above the paper is not convincing because 
the book obviously pushes the paper down. But when the paper is placed on the book (with- 
out protruding beyond the edges), the book merely shields the paper from the resistive 
air force. The two will drop together with the paper remaining on top of the book through- 
out the fall. 


2 
DEMONSTRATION — A Mechanical Graph of y = - $ gt”. 


(Particularly useful later in showing projectile motion and trajectories.) 


Use a long rigid rod as the t axis; for this graph the rod should be supported in a 
horizontal position. The values of y will be shown by lengths of string or thread supported 
at equal intervals. Arrange to fix the support point of each thread by using a notch or a 
hole in the rod. (In later applications, this rod must be tilted and the threads will tend 
to slip along the rod if they are not firmly positioned.) Each string should be cut to a 
length corresponding to the y value appropriate to the t value at which the string will be 


hung. Attach small weights (such as washers or nuts) to the ends of the strings to keep 
them vertical and to make the ends more easily visible. 


At least ten strings should be used; there is little point in using more than 20. 


t=0 1 2 3 4 5 6 7 8 9 10 
-y70 0.01 0.04 0.09 0.16 0.25 0.36 0.49 0.64 0.81 1.00 


———————————  ———— 
——————— ͤ w' ͤ— — 


t * 11 12 13 14 15 16 17 


18 19 20 
-y = 1.21 1.44 1.69 1.96 2.25 2.56 2.89 


3.24 3.61 4.00 


— — . ſf“2?. 


If the y values are in meters, each unit of t is actually 1/22.2 seconds. 


0 1:-273:4 5. 0.7. 8 9 10 11 12 13 14 15 16 17 18 19 20 
rod 


string 


See the discussion unde 


r demonstration in 0 
or this in treating projectile e Section 3 and 4 of the Guide for the uses 


Section 3 — Projectile Motion: 
Section 4 — Projectile Motion: Determination of the Path 
PURPOSE An investigation of the 
motion of a particle undi 1 


er gravity. (An extensi 
motion has a horizontal as well 2 0 poe 


The Vector Nature of Newton's Law of Motion 


Newton's law, by considering general 


of Section 2 to the case where the 
vertical component.) 
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CONTENT a. In free fall, vertical motion is observed to be independent of horizontal 
motion. 
b. This is consistent with viewing Newton’s law as a vector relationship, F= ma 
c. For an object projected with an initial velocity v5 in the horizontal direction 
x=vt 
o 
1-2 
2-38. 
EMPHASIS This is important material which should be covered in detail. Most students 
find it interesting and can master the problems if they are given enough practice. 
LABORATORY Experiment III-5, Forces on a Ball in Flight, can be done after these sec- 
tions are completed. See the yellow pages. 
FILM Falling Bodies“ can be used in connection with these sections. 
DEVELOPMENT The independence of the vertical and horizontal motions should be Stressed. 
This is the essence of the vector nature of Newton' s law; each component of the motion obeys 


Newton's law. First, be sure that students observe this independence. Then, be sure that |. 
they make use of this independence by solving some problems, as suggested below. < 


After demonstrating the fact that the falling time is independent of the horizontal veloc- 
ity, the equations describing each component of the motion (as on page 328) can be developed 
in class. Discussion can be based on the motion shown in Figures 21-4 and 21-5, (pages 
327-8). (A description of the trajectory or the derivation of an equation for y in terms of 
x should be deferred temporarily.) 


Ask the students for an equation to describe the y coordinate of a freely falling body 


dropped vertically. After writing the answer, y= -1/2 gt” =-4,9t" (ory= -5t5, on the board, as 
for the equation for y if vos 10 m/sec. Most students will realize quickly that 


2 
y= -4.9 t" applies, independent of v,; but this should be covered in class so that it is em- 


phasized for all students. Ask for an equation for the horizontal motion and write the an- 


swer, x= Wega on the board. (You may want to use some simple value of Vox such as 


2 m/sec, 10 m/sec, etc.) 


Give the class some simple practice prob- 
lems which are designed to have easy solutions 
if the components of the motion are separated. 
A suggested sequence of problem types is given 
below. In each case an object leaves a table 
with a horizontal velocity, Vow att=0. In 


early problems the initial vertical velocity should 
be taken as zero. 


Making the numbers simple so that the arithme- 
tic is easy will help students concentrate on the 


nature of the motion. (Using y = -se is most helpful for this simplification.) 
1. The very simplest problems are one-step problems involving the elapsed time, t. 
(a) Give two of the quantities in x = det and ask for the third. 


“wall” 


(b) Give one of the unknowns in y = -4.9 ° and ask for the other. 


2. Give two of the three quantities Ye x, and y, and ask for the third. 


(a) Begin by asking first for t, and the other unknown next. For example: 
If x - 20 m, and bs 2 m/sec, what is t? What is y? 


If y = -4.9 m and x = 10 m, what is t? What is vox 


If y = -4.9 m and dens m/sec, what is t? What is x? 


(b) Later you can give two of the three quantities, Voy) * and y, and ask for the 


third without explicitly asking for t. However, students should get into the habit of finding 
tas an intermediate step. If y is given, t can be found immediately. If x and Vox are given, 


t can be found. 
3. You may want to extend these problems to include an initial vertical velocity. 


In choosing problems it should be remembered that the most important aspect of pro- 
jectile motion is the independence of the components. The best way to learn this independ- 
ence is to use it often in solving problems. This independence deserves much more atten- 
tion than does the trajectory of the motion. 


Problems such as Problem 15 in HDL can be done after this type of introductory exercise. 


DEMONSTRATIONS 1. Independence of Vertical and Horizontal Motion. It will be helpful 
to use one or more demonstr. 


ations of the fact that two identical objects will fall together in- 
dependent of their horizontal motion. Begin by asking the students what they expect. Many 
Students expect intuitively that the object with horizontal velocity takes longer to fall because 
it has farther to go". The equal fall times can be demonstrated easily and effectively; 
such demonstrations can be used to introduce a detailed development of the analytic con- 
Sequence of the vector nature of Newton' s law of motion. 


Problem 12 suggests that the Students try to observe this with marbles. It should be 
assigned at some stage. Almost any pair of objects can be used. Start by using common 
objects rather than a piece of **demonstration equipment". The film ‘‘Falling Bodies'' and 
the solution to Problem 15 in the green pages show how coins can be used. More elaborate 
apparatus demonstrating independence of fall time can be used after you have shown the 
Simpler example. The PSSC film “Falling Bodies” includes some good examples. 


a. Initial Horizontal Motion. 


(1) Hold a rod similar to the one on which the stri 
strings are attached and ask a student 
E at Mae 1 moving with uniform horizontal velocity (no vertical motion) would 
paa mes. Mark equal distance intervals which correspond to equal time inter- 
(2) For a few of these distan 


ces ask t i 
be if the object were in free fall. he student to indicate what the y position would 


(3) Call the students’ attention to the rod with 
that if gravity were not present all the strings wo 
strings is, in a sense, like turning on the effect 


b. Initial Motion at an Angle. 


the suspended strings. Make the point 


uld have zero length. Suspending the 
of gravity. 


(1) What would the path of a particle be if it w 
à ere shot at s o 
gravity) with the same speed as used above? This could be cimus marie 5 Poate. 
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marked rod (without strings) in the appropriate direction. 


(2) What would the path be if gravity is present? Students should realize that the strings 
take free fall into account (for the particular initial velocity along the rod). This is true 
whether the rod is horizontal, at an angle, or even vertical. : 


c. Solving Problems. Once students realize that a line connecting the weights at the 
ends of the strings would represent the trajectory, you can use the rod and suspended 
strings to do problems. The number of strings is a measure of the time. The slope of 
the trajectory (as in Problems 13 and 16) gives the ratio of the velocities. You will find 
this rod and its strings particularly useful for showing qualitatively how the trajectory 
changes as the initial angle changes. . In particular, it will be easy to see that the maxi- 
mum range is achieved at 45°. 

SUPPLEMENTARY INFORMATION 1. Trajectory as a function of firing angle, 9. You 
will not want to develop the equations appropriate to different initial angles e in class even 
though these are not very complicated. However, you may want the following formulas to 
help answer quickly questions which may arise. 


In terms of 6, Vox = Y cos e, Voy sin 9. Then, x= v (cos 9)t, y= v (sin O)t - i gt”. 
In order to find the distance traveled in a horizontal direction when the object returns to 
the ground, we find the time, T, at which y is 0. Factoring the equation for y we have 
y t lv sin 9 - $ gt]. 


Hence y = 0 for t= 0, and for t= T which is given by: 


2v sin 6 


1 
v sin@ - ;gT 7 0, or T= 8 


At this time the distance X traveled is: 


2 
X v (cos 0) T= 2v' (sin = {cos 9T. 


This expression can be put in a simpler form by remembering that sin 20 = 2 sin 0 cos 0. 
Using this, 


2 
M 

X= sin 20. 
É 8 


To see how X varies for a fixed v, we need only examine the values of sin 20. This has a 
maximum value of 1 for 20 = 90° or @ = 45°. 

2. Complications in Treating Air Resistance. Equations of motion become excessively 
complicated if air resistance is taken into account; in fact the problems must be solved 
numerically rather than by using simple formulas. (For this reason, one finds ballistics 
tables rather than simple formulas.) 

An idea of the complication can be obtained by considering the simplifying approxima- 
tion that the force due to air resistance is proportional to the square of the total velocity. 
(This is a rather good approximation for ping pong balls or bullets.) 


The total air resistance force can then be written as Fa = vz where k is a constant. 
This force is directed in the -¥ direction. 
The horizontal and vertical forces are then given by: 
v. 


v 
Siue XC ped Xu 
Fx fa s kv Y kv Vy, and 
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Fay 


V. V. 
. 
Fy -= = -kv 


V 
y 


2 2 ind S 
Since v= y/ ue x. ; Kk is no longer independent of * and ro is no longer indepen: 


dent of Vx 


Therefore, the acceleration in the x direction depends on the motion in the 


y direction, and the acceleration in the y direction depends on the motion in the x direction. 


Section 5 - Deflecting Forces and Circular Motion 
Section 6 - Earth Satellites 
Section 7 - The Moon' s Motion 


PURPOSE To apply Newton' s law to the case in which the force is constant in magnitude, 
but acts in a direction which is always perpendicular to the instantaneous motion, thus 


giving rise to uniform circular motioh. 


CONTENT a. A force perpendicular to the motion leads to a perpendicular acceleration 
which changes the direction of the velocity without changing its magnitude. 


b. A force of constant magnitude, acting 


produces uniform circular motion. 
e. 


in a direction perpendicular to the motion, 


The kinematic equations for uniform circular motion are: 


a2 amm y? 
T T? R 
d. Centripetal force, F, is 
Deque m4r^R my? ^ 
T? R 


e. An application of the above relations to calculatin the period and velocity of an arti- 
ficial satellite, and the centripetal acceleration of the 8 d cd 


EMPHASIS Traditionally this material is 
about three class peri 


LABORATORY Experiment II- 
lating to centripetal acceleration and force 


FILM Class discussion 
Forces“, 


vector acceleration is defined as rate of c 
velocity vector may remain unchanged. 


2. The second stage involves detailed 
circular motion. Graphical work on veloc 
dents a basic understanding of the directio 


ve 
ods developing the ideas that are involved. 


6 should be done before 


ry difficult to master. Be prepared to spend 


the derivation of the formulas re- 


of these sections can be organized around the film ‘‘Deflecting 


development (or review) of the kinematics of 
ity and acceleration will be needed to give stu- 
n and magnitude of centripetal acceleration. The 
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final formulas that are derived are important, but formulas alone are not enough; their 
origin should be understood. 


3. Only at the third stage of understanding do we pass from kinematics to dynamics. 
Understanding the acceleration, and knowing Newton's law, we are prepared to investi- 
gate the forces that are involved in circular motion. > 


* * * 


The development of kinematics for circular motion requires graphical work by the 
students. Some of this can be done in class, but some should be assigned for the student 
to work out by himself at home. Suggestions for the treatment of the kinematic parts of 
this development are to be found in Appendix 1 of the Guide for Part 1. Further sugges- 
tions will be found in Appendix 1of this Guide for Part III of the text. 


* * * 


The two similar equations for circular motion should be stressed: 


This will remind the students of the derivation of the expression for a. pu it may 


be wise to use a — ay as the first step in doing a problem, rederiving a = ( CM R and 


2 


a= x when you need them. After a while, the students will remember a = > and use it 


directly. The form a= z in is particularly useful in simple harmonic Eo [Note 


that the vectors & and N point in opposite directions. Thus if we write the last equation 
in vector form, a minus sign must be used: 


en 


* * * 


Newton’s law implies that whenever an object moves in a curved path there must be a 
component of force perpendicular to the motion. To emphasize this ask the students to 
identify the centripetal force in common situations. 

For example, what force makes a car go around a curve? The students should realize 
that this must be an external force exerted on the car. Hence it must be the force of the 
road on the tires; this is a frictional force on a flat road (and may be a normal force on 
a banked road). 

What forces keep the passengers going in the curve along with ne car? These forces 
are external to the passenger (but, of course, come from parts of the car). They in- 
clude the forces exerted on the feet by the floor, on the body by the seat, and often on 
the body by the door or adjacent passengers. 


* * * 
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Motion without centripetal foree. Many students must be reminded that when the cen- 
tripetal force is removed, as in Figure 21-11, the subsequent motion is linear and tangent 


to the circle. Intuition sometimes fools one here because one may suppose that if the 
force pulling toward the center is removed, the object will move radially outward. Ask 
students about this, preferably in conjunction with a demonstration. 

x * * * 


Section 8 — Simple Harmonic Motion 


PURPOSE To use Newton’s Law to predict the motion when a slightly more complicated 
force is acting: a force which is always directed along the same straight line but varies 


in magnitude and sense. 


CONTENT a. When an object is moved slightly from ite equilibrium position, there is 
often a restoring force proportional to the displacement: F = -kx. 


b. "The component of the centripetal force along any diameter satisfies the same 


2 
equation F. = ma,= 0 2) X, where x is the distance along the diameter from the 


center. 


c. Because of the vector nature of Newton's law, the motion produced by F = -kx must be 
the same as the projection of circular motion along the diameter. 


2 
, d. From these equations, (F) 5 or T 2 / K. 


e. Ifa pendulum is displaced through a small angle, it oscillates with Simple harmonic 


motion, and T = 27 A 


EMPHASIS Unless you intend to use more that 9 weeks for Part III, you will not be 

able to treat simple harmonic motion in detail. With a limited time ade might use only 
the film, ‘‘Periodic Motion", or only demonstrations without going over the arguments 
in the text to show the relationship between circular and Simple harmonic motion. You 
could algo use a demonstration to verify the prediction of the formulas that T is indepen- 
dent of the amplitüde. With such demonstrations, solving one or two sample problems 
could complete a minimal treatment of this topic. 


It would be worthwhile to mention the fact that Newton’s law holds for all forces and 


that this particular 
brations in mane = Wiss because it is a common case applying to small vi- 


If you are crowded for time you an 
w ind fo i E Ni ud omit this 178 completely without sacrifice of 


FILM *''Periodic Motion” is a valuable r 
for either a minimal or normal development. in teaching simple harmonic motion, 


COMMENTS Appendix 2 to Part 3 of the Gi 
uid 
treatment of a problem of simple harmonic dm A 


Appendix 3 ; 
e of QUAM an exact treatment of the problem via the solution of the differential 


DEMONSTRATION You can show that the projection of circular motion is the same as 
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If you do not have a standard demonstration of this type, you may want to use the 
type of apparatus described below. 


Simple harmonic motion can be demonstrated by observing the shadow of an object 
moving in a circle at constant speed. The shadow will move with simple harmonic motion 
back and forth on a screen. A comparison of the motion of a pendulum with the motion 
of the shadow of the object moving in a circle shows that a pendulum with small ampli- 
tudes also performs simple harmonic motion. The apparatus in Figure (a) can be used 
to demonstrate this. 


Light Source 


Figure (a) 


pendulum 
bob 


stick ping pong 


Figure (b) Figure (c) 


A ping pong ball is glued to one end of a thin stick while the other end of the stick is 
taped to a magnet which adheres to a phonograph turntable (Figure b). From a tall, 
sturdy support, suspend a simple pendulum with its length adjusted so that it will swing 
with the same frequency as the rotation of the turntable. The length of the pendulum should 
be about 80cm for 33 1/3 r.p.m!s. This turntable frequency is best since a higher 
frequency necessitates a short pendulum which swings through too large an angle. Hang 
the bob above the turntable so that the bob is slightly higher than the ping pong ball (as 
Shown in Figure b). 
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A dowel or rod clamped to a ringstand provides the pivot for the pendulum. This 
pivot can be rotated (Figure c) to adjust the length of the pendulum until the period is the 
same as that of the turntable. 

The light source should be as far from the pendulum and turntable as possible to 


reduce the effects of parallax due to the changing distance between the light and the rotating 


ball. 


Initially, the amplitude of the pendulum should be greater than the radius of the turn- 
table so the amplitudes will be the same after the bob and the ball have been synchronized. 


Release the bob at an instant so that its moving shadow lags a little behind the shadow 
of the ball. The motions may then be synchronized by holding a finger against the rim of 
the turntable, slowing it down until the two shadows coincide. 


Section 9 — Experimental Frames of Reference 
Section 10 — Fictitious Forces in Accelerated Frames 
Section 11 — Newton's Law and the Rotation of the Earth 


PURPOSE To point out the significance of the coordinate system (or frame of reference) 
in which an experiment in dynamics is being observed. 


CONTENT a. Since the acceleration $ depends on the coordinate System, f = mi is 
correct only in those coordinate systems which are not themselves accelerating. 


b. Galileo's principle of inertia applies only in a non-accelerating frame of reference 
(called an inertial frame). Newton's Law holds only in inertial frames. 


€. Observers who are in an accelerating frame (and who are unaware of it) would 
ascribe an acceleration to an object which was actually not accelerating relative to an 
Inertial frame. These observers would infer, from this apparent acceleration, that a 
force existed. Such forces are called fictitious forces. 


d. The earth is rotating. An observer on earth, using Foucalt's pendulum, can detect 
that rotation. Objects and observers on the earth’s surface must then be moving with a 
(very small) centripetal acceleration. All but the most precise experiments can safely 
ignore this acceleration. 


EMPHASIS If you are rushed, you can let the text and, if 
, if possible, the film carry the 
NEN of these sections. Be careful not to leave the students with the Bibirension that 
ewton's law has limited validity; it is always valid if A is measured in an inertial frame. 


FILM ‘‘Frames of Reference“ vivid] 

y displays the effect of the observer's f f 
reference. bud be difficu 
duse me ee and nature of the demonstrations presented would be difficult to 


idera. >, Before mentioning the earth’s very small rotation effects, it will be 
uctive to discuss the case of a rapidly rotating merry-go-round. Remind students 


of the way they must lean toward the center (or hold on to something) to keep their balance. 


A man who lived on a giant merry- 
go-round would feel that there was, in hi 
pine force field pulling things away from the center. He might rr usine isis 
T Sani le 11 A man, entering this merry-go-round home from 
1£ a Foucalt pendulum from the top of th 
plane of the pendulum's Swing would rotate on the merry- SONER 1 SS 


System. Viewed from an inertial frame, a man o 

! > n the merry-go- 
ns toa centripetal acceleration. His feet are in Saat vith Ea 
and friction transmits the requisite centripetal force to his feet. To keep his body over 
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the man on the merry-go-round is a fictitious force. 


COMMENT The perception that we sometimes invoke ‘‘fictitious” forces to explain 
familiar phenomena may lead some students to ask penetrating questions about the fun- 
damental nature of force. After all, we cannot really see“ gravity or electric and 
magnetic forces, only their effects. Might not these, or some of these, forces also be 
fictitious in some frame we have not yet thought of? As yet we do not know enough about 
the causes of gravitational or electrical forces to know whether these ‘‘action-at-a-dis- 
tance” forces are real or ‘‘fictitious’’. Einstein, in his theory of general relativity (see 
the supplement for the next chapter, Appendix 4, at the back of this volume), has formally 
accounted for the force of gravity in terms of the properties of space and time, but as of 
now we do not have a ‘‘unified field theory“ to account similarly for electric and magnetic 
effects. Thus, at least at the present stage of development in physics, we treat these 
action-at-a-distance effects as real forces. We simply do not know of other frames of 
reference which we can apply (as we can with the ‘centrifugal’ force) which will make 
electric and magnetic forces vanish. 


* * * 


Although for many experiments and calculations, it is convenient and acceptable to 
consider the earth to be an inertial frame, we can demonstrate experimentally that 
this is not the case. The fixed stars, in turn, although we take them to be a ‘‘good’’ 
reference frame, are not really fixed relative to one another, but are moving at enormous 
speeds. Imaginary lines between them may rotate in a true Newtonian frame. How- 
ever, their distance from the earth is so vast, that on the time scale of a human life, 
they can be considered ‘‘fixed’’. : 
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Chapter 21 — Motion at the Earth' s Surface 
For Home, Desk and Lab — Answers to Problems 


The analysis and solution of problems in class is always helpful. It will be especially 
useful in connection with Chapter 21. Many students will need help in grasping and analy- 
zing the problem in terms that can lead to its solution. Students should be encouraged to 
make sketches and graphs of the force relationships and motion involved, even though the 
problem statement may not call for them. 


Problems 7, 8, and 9 are straightforward dynamics problems, but if your class has 
not reviewed kinematics while working on Chapters 20 and 21, you may want to ássign (or 
review) some simpler free fall problems before working on 7, 8, or 9. Problem 7 deals 


with distance intervals requiring the use of d = MI t+ i ats. A direct solution of Problem 8 


requires using a sign convention to distinguish Serica from wre motion. Problem 9 
involves general formulas and graphs. 


The following table classifies problems according to their estimated level of difficulty 
and the sections to which they relate. Those which are especially suited to class discus- 
sion and those which are home projects are indicated. Problems which are particularly 
recommended are marked with an asterisk (*). 


Answers to all problems which call for a numerical or short answer are given following 
the table. Detailed solutions are given on pages 21-18 to 21-41. 


7 SS eae 
» . 8*, 
e [oe [ormas lon, ee A 


9. 23, BaF, 9. 21*, 22*, 73 
DN od 20. 282. ads E or M E 


28*, 29, 30 


SHORT ANSWERS 
1. (a) I nt. using 10 nt/kg for g. acceleration would decrease as the 


(b) 4.9 kg. center is approached. 
2. (a) 120 nt; 700 nt. 4 7. (a) 1 second. 
(b) 70 kg; 70 kg. ‘using g= 10 nt/kg. (b) v» -9.8 m/sec. 


2 (c) At» 0.27 sec. 
5 m/sec. (d) v= -12.4 m/sec. 
(e) Ad = -24.5 meters. 


4. No. ni 
8. (a) v=3.2 Bec. 

225 (b) d- 10.9 meters. 

(c) Slows down until it reaches its (c) A d m/sec. 
terminal velocity. (d) .6 meters. 


2 
6. Stone would accelerate as it moves (e) a= -9.8 m/sec’. 


toward center of earth, and would fei it 1/2 
then slow down after it passed. The 9. (a t= Vs provided v, > (4.9 h ^". 
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21. (a) 1.8 x 10 m/sec? 
b) TARN » () 1.3 x 10" nt. 
; it is 
als X pen 22. 99 m/sec. 
Dr. MES 
daun when the ball is at Ita oon REEL 
nv, = (9.8 h) . upporting force needed when 
peak whe i — ig no acceleration And no 
10. (a) 9.8 nt. : 2 other force. 
b 9-8 m/sec! * 10 m/sec. 24. T= weight + 0.2 nt = 4.1 nt. | 
(c) 4.9 m/sec” * 5 m/sec’. 25. (a) Btring will break; it Yum 3 
l centripetal fo $ 
11. (a) F=1/2 mg = 5m newtons. additiona * trong. i 
(rim ni) along plane. REA. 
() a=1/2g= 5 m/sec i factor /2; 2.8 mm L 
(or 4.9 m/sec’) down along plane. 4 i 
12. The two marbles reach the ground 26. 7.1 10 E. PN 1 
together. 2 The cie ap : 
13. (a) See graph on page 21-27, P 00 Its — Jdem | 
$ (b) 0.64 seconds. - 28. Change the period by changing the i 
(c) 31 m/sec, 12° below horizontal. : length, 
14. Both bullets drop together. For e 21-38, 1 
effects of air resistance during = pom 34 
of motion see discus- (d Conc al about y = -0.10 with 
Sion on page ei Simple harmonic motion; it 20m 
15. 11.0 meters. reaches the extreme, y = -0.20m, g 
16. (a) 2.55 meters. In 0.317 seconds. 
(b) 10.2 m. 30. (a) T 0.628 sec. 
(c) 10 m/sec. n ssec. 
17. 19.4 meters. (c) 19. m nt upward, 
18. 12.9 m/sec, down 31. T = 3.1 seconds. 
(or 11.5 m/sec, down), 8 € would be 10.5 nt/kg. 
2 2 velo- 
M 32. Bus ts goi with uniform 
bie [s | E | 5 pant elty to give straight line motion 
T of marble and bus is decelerat-, 
20- (8) 3.5x 107? m/sec, down, i IAE to give parabolic path. 
Mies 5o c MEUM 
COMMENTS AND SOLUTIONS 
PROBLEM 1 (a) Approximately wha gravitational 
ona mass of 100 ge atthe ea Surface? =. 
or) ttt is the wass of a weight 


This problem ill the t 
be Supplemented with examp importan 


TS find t t 
gram is extremely useful in eliminat hat the approximation that 


E 10 newtons per kilo- 
ing compli lification 
many students tend to speak of “the weight ar 22 [crei "Without this simp 


\ weight of 22 kg'' because 
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they do not want to bother to multiply 22 by 9.8. However, through Problem 1 and exten- 
sions of it, you can easily get students to convert automatically from 22 kg to 220 newtons, 
or from 39 newtons to 3.9 kg.) Sacrificing only 2% in accuracy often produces a remarkable 
improvement in understanding. 


3) Since g is approximately 10 nt/kg, the force on 100 gm - 0.1 kg is 
0.1 kg X 10 nt/kg = 1 nt. 


b) 49 nt is approximately EUA =4.9 kg. (If one bothers to calculate using 9.8 nt/kg, 


the answer would be 5.0 kg.) 


PROBLEM 2 The gravitational field at the surface of the moon 
is one-sixth of that at the surface of the earth. 
(a) How much would a 70-kg man weigh on the 
moon? On the earth? 
(b) What would be his mass on the earth? 
On the moon? 


This problem brings out the distinction between mass and weight. 
a) A 70 kg man would have a weight of 700 newtons on earth (70 kg xis 700 nt). 
700 nt 
6 


On the moon, his weight would be 1/6 of this or % 120 newtons. 


b) His mass is 70 kg on earth, on the moon, or anywhere. 


Note: While you will not want to take much time for it, the above data can be used as 
a base for an interesting class discussion on the characteristics of everyday life for earth 
people living on the moon. 


The forces a man can exert would be the same. Those activities in which these forces 
are used to overcome gravity will now be considerably altered: a man will be able to jump 
six times as high from the moon’s surface as he can from the earth’s. He can lift bodies 
whose masses are six times those he could lift on earth. On the other hand, processes in 
which gravity does not enter (for example, in the acceleration of a body in a horizontal di- 
rection by pushing on it) would not be affected. An interesting example of an act involving 
both types of process is throwing a baseball. Theemaximum velocity that a man can impart 
to a baseball (a process unaffected by gravity, and governed only by the masses of the base- 
ball and the man's arm, and his muscles) will be the same as on earth. The distance the 
ball will travel after it leaves his hand before hitting the moon's surface does depend on 
g, however. Thus for a given throwing angle, the ball can be thrown Bix times farther 
on the moon than on earth. A pitcher's “fast ball” will be no faster than on earth, but a 
fly ball to deep center field in Yankee Stadium would travel nearly half a mile on the moon! 
Imagine a lunar baseball game! 

You might ask students to think about driving a conventional car on the moon. Could 
you turn as sharply at 50 mph as on earth? Should the turns in the roadway be banked 
more, less, or the same as on earth? 

Students will undoubtedly be able to think of other examples. Discussions should bring 
out clearly that all characteristics relating only to mass are unchanged; inertia, chemical 
reactions, heat content, collisions, etc. are examples of characteristics that would not 
change. 


PROBLEM 3 The earth's gravitational field at a certain point 
out in space accelerates a I- kg mass at 5 m/sec?. 
How much will it accelerate a 3-kg mass? 


This is a simple problem which stresses the relationship between inertial and gravi- 
tational mass. 


From F = ma, a= = Thus acceleration decreases with an increase in mass, and 
increases with an increase in force. If the accelerating force were constant, the larger 


| 
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mass would accelerate more slowly. But, we find experimentally that.the gravitational 

force is proportional to the mass. Hence if the mass increases by a factor of 3, so does 

the gravitational force, and the acceleration due to gravity stays constant — it is independ- 

ent of changes in mass. At a point in space where the earth’ s gravitational field acceler- 


2 
ates a 1 kg mass at 5 ses. a 3 kg mass will be accelerated at 5 m/sec’. 


PROBLEM 4 If different objects had different ratios of their 
inertial and gravitational masses, would they all 
accelerate at the same rate in the gravitational 
field of the earth? Explain. 


This problem calls attention to the simplest implication of the relation between gravi- 
tational and inertial mass. 


The most direct answer can be given in terms of the equations on page 325 of the text. 


^ : 
Since d T E E, a variable ratio m 0 m1 implies a variable acceleration. Thus, for in- | 
1 
m 
stance, if objects that are made of different materials had different ratios, IE „ they would 
i 
accelerate differently in the earth' s gravitational field. 
Note that the constancy of m/m is not a derived fact; it is based on experiments which 
demonstrate the universality of the acceleration due to gravity. If m / m, were not con- 
Btant, the only changes to be expected are in those phenomena directly related to the force 
of gravity. Other aspects of dynamics would be quite unchanged. 
Inasmuch as the constancy of m m, is founded directly on experiment, an experi- 
mental physicist might well design experiments to tést this constancy more carefully. Di- 
rect acceleration experiments cannot be done with extreme precision or with a large range | 
of masses, but every such experiment that has been performed has been found to be con- | 
sistent with a constant m m, to within the limits of accuracy of the experiment. The 
most precise experiments yet performed essentially invol: i 
of pendulums made of different materialg. eee 
These experiments show that, to about 1 part in 108, the ratio, m mi, is the same 
Independent of whether the pendulum is made of a light 
material (such as aluminum) or a 
heavy material (Such as lead). Artificial earth satellite experiments, currently cxi 
planned, will extend the precision of related experiments to about 1 part in 1910 
PROBLEM 5 Throw a baseball as hard as you can (outdoors) 
and note how fast it goes. Then throwa crumpled- 
up piece of paper equally hard. 
- (a) Does the paper seem to slow down appreci- 
ably? 
() 99 is the W velocity in a horizontal 
n for any oi thr th i 
EM do you expect to happen ent ol ad ; 
i 
tea ig ay at a speed greater than its 
a) The paper slows down Noticeably, 


usually almost Stopping within 10 to 15 feet. 
b) The terminal velocity for any object th 
there is only the decelerating force d to a i aum n 
e qute case, » tae horizontal velocity will 
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PROBLEM 6 What would you expect to happen if a stone 
were dr: n a hole that extends through the 
center of the earth from the North Pole to the 
South Pole? Would you expect the stone to under- 
go constant acceleration all the way to the center? 
Can you reason out crudely how the g field 
changes inside the hole as you approach the 
center of the earth? Be prepared to discuss this 
in class. 


This problem should be treated qualitatively. A student attempt to handle it quantita- 
tively will lead to frustration. 


A stone dropped from the North Pole would accelerate until it reached the center of 
the earth} then it would decelerate. The force acting on the stone, and thus the accelera- 
‘tion, would decrease gradually because that part of the mass of the earth which the stone 
has already passed by on its trip down the hole would be pulling it away from, rather than 
toward, the center of the earth. 


It is hard to decide just how the g field varies with position in the hole without using 
calculus or its equivalent. However it is 
possible to describe the motion in some 
detail even if the exact force is not known. 
Consider the symmetry about the center 
of the earth. Due to this symmetry the 
magnitude of the force depends only on the 
distance from the center. The direction 
of the force is toward the earth’s center. 
Thus the stone will accelerate continuously 
(neglecting air resistance etc.) and will 
begin to decelerate as 200n as it passes 


the earth's center (since there the di- 
rection of the net force reverses). Consider any two points in the hole, X and x,, which 


are equidistant from the earth's center, O. The stone will be accelerated by a varying 
force as it travels from X to O, and it will be decelerated by an opposite but equal 
force as it travels from O to Xp: Due to the symmetry then, the stone’s speed goes 


through a maximum at the center and then retraces its pattern of gpocds as 2 function of 
distance from the center. It ia was dropped (rather than pushed) from the North Pole, it 
will reach the South Pole with zero speed and will then fall back toward the center. The 


motion will be oscillatory. 


* * * 


Note: The question may arise: Why choose the North Pole-South Pole axis? It is hardly 
practical to dig a hole through the earth, but if it were, there would be a very good reason 
for using this axis, since it is the axis of rotation of the earth. If the hole were in any other 
direction (but still running through the earth’s center) the stone would not fall straight 
down, but would veer to one side. This is because the frame of reference which is fixed 
relative to the hole (this is the one in which we calculate) would now rotate relative to the 
frame which is fixed relative to the earth’s axis. In the rotating frame there would be 
“fictitious” forces (the centrifugal force is one) which would not be parallel to the hole, 
and which would move the stone toward the side of the hole. No fictitious forces would 
enter if we adopt a frame of reference fixed relative to the inertial frame of the fixed 
stars, and we could explain the same result by saying that the earth rotated while the stone 
was falling, so that the stone, which keeps the traverse velocity it had when at the earth’s 
surface, catches up with the side of the hole and hits it. 
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PROBLEM 7 A stone drops from the edge of a roof. 
(a) How (ae does it take to fall 4.9 meters? 
(b) How fast is it going at the end of that fall? 
(c) How much longer does it take to fall an 
additional 3 meters? : 
(d) How fast is it going at the end of this 7.9- 
meter fall? 1 
(e) Through what distance does it move during 
the third second? 


a) d= -Fat = 26.9 te = -4.9 — where the negative value of a indicates that the 


acceleration is down, and the negative value of d indicates a fall. 
But d=-4.9m. Consequently, -4.9 m = -4.9 m/sec X e and t = 1 second. 
b) After 1 second the speed is v = at = -9.8 X 1 = -9.8 m/sec. 
c) The most direct approach is to find out how long a 7.9 m drop would take. 


W^ 


-7.9m = -4.9 m/sec” xt, ort= (43) ves and t = 1.27 sec. 


The additional three meter drop, therefore, required 1.27 - 1.00 = 0.27 seconds. 
d) The final speed can be found from v - v,* at. One can use either Vv, = 0 and 
t= 1.27 seconds or Ms -9.8 and t - 0.27 seconds. 


v= 0 - 9.8 (1.27) = -12.4 m/sec, or 
v = -9.8 - 9.8 (0.27) = -12.4 m/sec. 


9) After 2 seconds the velocity is V, = (-9.8) (2) = -19.6 m/sec. Similarly, after 3 
seconds, Vg = (-9.8) (3) = -29.4 sec. 


Then, where Vay is the average velocity between t = 2 and t = 3 sec, 


-19.6 - 29. 
8 s — AL -24.5 m/sec. 
The distance is d= Vay’ = (724.5) (1 sec) = -24.5 meters. 


PROBLEM 8 a ball is thrown straight up with a velocity of 15 
aec. 
(3) How fast will it be going after 1.2 sec? 
uo) How far above the ground will it be at that 
d 
1c) How fast will it be going after 2.3 sec? 


M 0 How far above the ground will it be at that 
ime: 

e What is the ball's acceleration at the top of 
its rise? 


This problem can be done using the two equationg vt t atandd-v t. 
av 


a) The ball’s speed upward is 15 m/sec. Therefore Xu *15 m/sec; 


a--9.8 m/sec?, 
due to gravity. 


Vg V, + at 


1. 215 m/sec + (9.8 m/sec’) (1.2 sec) = 43.2 m/sec. 
b) d= Nast 


154 3.2 
di 2 . (1.2 Bec) = ( 2 m/sec ) X 1.2 sec = +10.9 meters. 


— — 


When d s= dps h= vit and t = ar 
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c) Vg = Vt at 


V9.3 7 15 m/sec + (-9.8 m/sec”) X 2.3 sec = -7.5 m/sec. 
d) dave 


d» 3 = 


e) The ball’s acceleration at the top of its rise, and at all other times in its flight, is 


-9.8 m/sec’. 


PROBLEM 9 A stone is dropped off a cliff A meters high. At 
the same instant a ball is thrown straight up from 
the base of the cliff with initial velocity of » m/sec. 

(a) Assuming the ball is thrown hard enough, 
at what time I will stone and ball meet? 
(b) When they meet, is the ball still rising? 


Vay (2-3 sec) = (35% m/sec ) X 2.3 sec = +8.6 meters. 


Although this problem is rather difficult it has two particularly good features. First, 
Students must think about the physical problem to set up the correct equations. Then, 
they must re-examine the physical situation to interpret their results. 


3) The key to setting up this problem properly is to measure distance in a consistant 
way. One approach is to measure both d, 


and d, from the base of the cliff. Then 
d, -h- ig 


dy = vc get 


E 
+e 


Actually t = b/v; does not hold unless the ball meets the stone above the ground. If 
Yi is too small, the ‘pall and stone do not meet before the ball has fallen back to the ground. 
This can be seen by realizing that t must be less than the time th which the stone takes to 
1 2 
drop to the ground. This time is given by h = io. 8) s or ta Coat / 


b) When the ball meets the stone, the ball can be either rising, falling, or at rest. We 
can tell which it is by finding its velocity Ys at t, the time the ball and the stone meet. 


This is PNE 
Vin vi St. 


But we know already that t — b/v; so 
b pus gh/v,. 
If the ball and stone meet when the ball is at rest, then v, = 0, and 
v= gh/v, or 
A = gh. 


) 


21-24 


at a speed exactly equal to Mah it will be stationary when 


That is: ball is thro 
e t it will still be rising; at a lower speed, 


it meets the stone. If thrown at a greater speed 


descending. 
PROBLEM 10 Two 0.5-kg Dry Ice discs on a flat table are tied 
together a string. 
j @) Weis thetetal gravitational force on these 
discs? 
(b) At what rate will they speed up if pulled 


across the table by a horizontal force equal to 
the gravitational force found in (a)? 
(c) If one disc remains on the table and the other 
hangs over the edge, what will be the acceleration 
of the discs? Neglect friction. 
This problem deals with free fall, a special case of Newton's law. It also introduces 
a new kind of problem in which gravitational force on part of a system can accelerate the 
entire system. 


a) The total gravitational force is approximately 10 nt, because each 0.5 kg mass ex- 


` periences about a 5 nt force. (Using 10 nt/kg for g.) Actually, F = 2X 0.5 X 9.8 = 9.8 nt. 


(Note that since the discs will not accelerate in this case, the table must push up on 
each disc with a force equal to the disc“ s weight.) 


b) If a single object is pulled with a net force equal to the gravitational force, it must 


have the same acceleration it would in free fall, 9.8 m/sec” (or approximately 10 m/ sec’). 
Mathematically: 


F = mass X a, but F = 2mg and mass = 2m 
F=2 mg 2 ma 


a= g. 

c) Some students will see directly that, with one 0.5-kg mass on the table, and the other 
hanging over the edge, we have a total of 1 kg of mass and that the only accelerating (unbal- 
anced) force is the force of gravity on a 0.5-kg mass. This force is 0.5 kg X 9.8 newtons/ 
kg = 4.9 newtons. A force of 4.9 newtons acting on 1 kg of mass results in an acceleration 


of 4.9 m/sec”. A bit more formally: 


Qs ERU ram V Digg d EM 2 
Ih mm, m1 i kg 2874 sec". 

Other students may think they see“, but not be sure, and requir 
approach. There are several c : . 
psu n E eec. arise be done. One alternative is to ask students 
(using a dashed box to emphasize the boun- — 
dary of the system and the external forces ! 
acting), and remind them that: ! 

1. The tension in the string is T at all 
points, and 

2. Since the disks move together, the 
magnitude of 41 equals the magnitude of a, 


t 


even though their directions are different. 
Call this magnitude a. 


For m: T= mia 


For ma: F-T=m,a 


2 
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e6r- m,a - m,a. 
But F = meg. Substituting, 
mjg-m,a- m,a 


a(m, *m)- mag 


m, 
a= ( 2 ) 28 4.9 m/sec’, 


PROBLEM 11 An object of mass m is moving on a frictionless 
inclined plane that makes an angle of 30 degrees 
with the horizontal. 

(a) What is the net force on the object? 
(b) What is its acceleration down the plane? 


This problem on gravitational attraction requires a resolution of the weight, mg, into 
two components of which one is directed along an inclined plane. The solution requires 
either trigonometry or a scale drawing. 


8) We can resolve the force m£ into two 
components, one along AB and one perpen- component of më. 
dicular to it. Since the object doesn't move - net force 
into the surface, there is no net force com- 
ponent perpendicular to the surface. The 
perpendicular component of mg is balanced 
by the force from the surface. 


Since there is no friction, the force from 
the surface of the plane can have no compo- 
nent parallel to the plane. The only force 
component which is parallel to the plane is 
the parallel component of mg. This parallel 
component of mg is the net force. To find Se 
it, construct DE with a magnitude equal to ^ 
mf on the scale chosen. Construct DF per- 5 
pendicular to AB passing through D, and EF 


parallel to AB passing through E. 
a a i 
jd — mg F 
a“ 


force from 
surface bal- 
ances the 
component 
of mg 


w 


For clarity, instead of drawing the forces 
on the sketch of the inclined plane, it may be 
best to draw a force diagram in which the v 
directions, AB, BC, and CA are shown dotted. J eee eil 
Lengths on this new diagram clearly repre- A le: 
sent forces and are less likely to be con- Force diagram 
fused with distances. Using geometry, the 
Students should be able to show that triangle 
EDF is similar to triangle BAC and that 
CEDF = L BAC = 30°. Therefore FE, which represents the component of the force parallel 


to the plane, is given by 
sin s» = TE, or FE - mg sin 30* -i mg. 


=- 


The normal force DF is exactly balanced by the reaction force of the plane surface; each 
has a magnitude mg cos 30°, and their vector sum is zero. 


Therefore, net force -i mg along the slope of the plane. 
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b) The acceleration down the plane is given by 
F-ma-75 mg, and 


a -i g, down along plane. 
I—————7 


PROBLEM 12 As an easy project, try rolling one marble slowly 
off the edge of a table at the same instant that you 


snap another marble off the table horizontally 
with your finger. Do they hit the floor at the same 
instant? Explain. 


While this project could be done as a class demonstration, it is so easy and so 
instructive that it is worth having students do it themselves, 


If the experiment is done over a hard floor 
the times of impact can be clearly detected from 
the sound. One suitable ‘‘launching’’ technique 
for coins is described in the film Falling Bodies. Pop = pom SH 
The same technique can be used with marbles or m ner UM 
other objects. riving it out away 
from the table, and 
x ‘nudging’’ the other coin 
off to fall nearly straight 


table edge 


PROBLEM 13 A baseball thrown horizontally starts at a height 

of 2.0 meters with a velocity of 30 m/sec. 

(a) Plot the trajectory of the ball, using 
1/10-sec intervals, 

(b) How long before the ball strikes the ground? 

(c) Determine both the magnitude and direc- 
tion of the velocity of the ball at the instant it 
strikes the ground. 


To choose a scale for plotting the curve, it will be helpful to know how long the whole 
motion will take. 


We can solve for the time in flight using 


1.2 
y-h-sgt. 

The ball hits the ground at y = 0. When y= 0, 
h-igt, or 


3 
t- PX 2X20 m | = 0.64 sec. 
9.8 m/sec 


We can find the horizontal distance the ball travels before it hits the ground from 
x = vt = 30 m/sec X 0.64 sec = 19.2 m. 
From these values, our graph needs to be ‘‘2 m’’ high by ''20 m” wide. 


a) If the horizontal and vertical components, relative to the point where the ball starts, 
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are x and y, then as functions of t, 
x-vt-30t 


y-h- Uae- Snot" 


where y is positive upward, and so is negative here. Equal intervals of t give equal intervals 
of x. We obtain the following table: 


t 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 
x 0 3.0 6.0 9.0 12.0 15.0 18.0 21.0 
y 0 -0.05 -0.20 -0.44 -0.78 -1.22 -1.76 -2.40 


We give y to two decimal places because we shall need a larger scale in y than in x. We 
also continue it to t 0.7 (i.e., below ground) to be able to answer (c) more accurately. 


b) From the graph, the time the ball takes to strike the ground is between 0.6 and 0.7 sec. 
A more careful interpolation in x (since x is proportional to t) gives results as accurate (in 
principle) as we like. t & 0.65 sec. (Actually, = 0.64 sec. as we saw above.) 


c) Remember that the slope of this graph is not a velocity. It is the ratio of vertical 
to horizontal velocity. Since we know that the horizontal velocity is constant, and equal 
to 30 m/sec, we can then get the vertical velocity from the measured ratio. 


A crude interpolation (between t = 0.6 and t = 0.7 from the table) gives this ratio as 


V. 
Vy _ -2.40 - (1.06) __ 
„ 4.0 18.0 dinis 


ie., ig -.21 * 30 = -6.3 m/sec. 


We could obtain a more accurate result by drawing a careful curve, and measuring the 
Slope at the point where it crosses the line y - 2. Or, from vy = -gt, we also find that 
5 = -6.3 m/sec. 


From the vertical and horizontal velocity components, the actual velocity at the ‘time 
of impact can be computed using the Pythagorean theorem: 


v= ve + vy = 1/30” + 6.32 = 31 m/sec. 


The vertical and horizontal velocity components also give the slope at the time of im- 
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pact, which enables determining the ball's direction. 


V. 
E i 
tan 0 9 30 0.21 


@ = 12°, below horizontal. 
In anticipation of Problem 14, it should be pointed out once again that the vertical 
component ot the motion is exactly the same as that of a body falling from 2 meters with 


no horizontal motion. 


PROBLEM 14 A bullet is dropped from the same height and at 
exactly the same moment that another bullet is 
fired horizontally. Discuss the motion of each 
of the bullets. 


This problem in projectile motion should follow Problem 13. The answer is then al- 
most obvious, so long as we assume that there is nothing in principle different between 
the motion of baseballs and the motion of bullets. 


As was remarked at the end of the last problem, the vertical motion of a bullet fired 
horizontally is identical to that of a bullet dropped vertically. Thus the vertical heights of 
the two bullets will be the same at any given instant, although the fired bullet may travel 
a large distance horizontally. 


Students should understand that this solution is idealized (air resistance is neglected). 


Unless some students press for more information, you probably should not go further with 
the discussion of this problem. 


* * * 


If students do ask which bullet would fall faster, you can explain that if the bullets are 
identical, the dropped one will fall faster. Air resistance is so much greater for the 
bullet that is fired, that the upward component of the air resistance on the fired bullet re- 
tards its fall more. 1 


PROBLEM 15 A baseball is thrown from center field to home 
plate. If the ball is in the air 3.00 seconds and we 
neglect air resistance, to what vertical height must 
it have risen? A 


; This simple and interesting projectile problem usually generates a good class discus- 
sion. 


à At first it might seem as though too little information is given. But the solution can 

SA if iet 115 Med the additional assumption that the ball is caught at the same 
e rom which it was thrown. In this case, the symmetry of the trà 

clear that the ball rises for 1.50 seconds and falls brin, — una 


Consider the vertical motion. For it 
3 v= - gt. 
y % & 
We know that at t = 1.5 sec, is - 0. 


oe - g(1.5), or 1 = 14.7 m/sec. 


The height the ball will reach can be found either from h = i gt’, or from the average 
vertical velocity X time: 
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ls 14.7+ 0 
ave 2 
* * * 


X1.5 = 11.0 meters. 


This problem will probably bring up additional questions from your baseball enthusiasts; 
you may want to exploit their interest by calculating the initial speed of the throw. For this, 
you will have to assume some horizontal distance. A reasonable number might be 30 meters. 


This implies an initial horizontal velocity of v_ = XE 30m/sec. The total velocity, v, 
18 then given by = 
241559 2. 
Mio ot eg f 900 * 926 
v = 33 m/sec. 


This velocity is quite high for a baseball throw; it is perhaps realistic for a professional 
player but much too high for most students. 


PROBLEM 16 Plot the trajectory of an object that is thrown into. 
the air with an initial velocity of 10 m/sec at an 
angle of 45 degrees with the horizontal. 

(a) How high does it rise? 
(b) How far does it go? 
(c) At what velocity does it strike the ground? : 


This problem in plotting a trajectory is similar to Problem 13. The calculation of 
the table of x and y, the horizontal and vertical coordinates of the object, can now be 
done a little more elegantly. Since the horizontal and vertical components of the initial 
velocity are both 108. = 7.07 m/sec, the kinematic equation, d= vit * jat gives x and 


y as functions of t: x= 7.07t 


y=7.07t - 4.9t2. 


We could, as in Problem 13 calculate x and y for various values of t. It is a little simpler, 
however, to eliminate t from the above equations, and to obtain one equation relating x 
and y. ; y 

t= x/7.07 

Y = 7.07 (x/7.07) - 4.9 (x/7.07)" = x 0.098 x°. 
We can now plot y against x. The curve is a parabola, and we can calculate its salient 
features. The curve crosses the x axis both at x = 0 and at x= 1/.098 = 10.2m. The max- 
imum value of y is halfway between at x = 5.1; here y= 2.55m. In tabular form: 


Xa. 0 1 2 3 4 5 6 7 8 9 10 11 
y 0 0.90 1.61 2.12 2.43 2.55 2.48 2.20 1.73 1.06 0.20 -0.86 


3m 
1 
y 
1m 
0 
0 5m 10m 


xe 
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These results can be obtained in several other ways, 


z 2,55 m; See above M 
» di Rma such as working with the original equations involving 


b) 10.2 m; See above t. For example, y= 0 for t = 0 or for t = 4.9. nae 
corresponds to t=% ( XD The total distance x = 7.07t 
= 7.07 ( 10.2 m. 


c) When the object hits the ground again its vertical velocity is equal in magnitude (but 
opposite in direction) to the initial vertical velocity; v. fy 7. 07 m/sec. The x velocity 


is unchanged; AER 7.07 m/sec. The magnitude of the velocity is therefore 10 m/sec as 


before. This can be seen from the symmetry of the trajectory that has been plotted. But 
remember that velocity is a vector; although the speed is unchanged the direction is \ 


instead of 


PROBLEM 17 A stone drops from the edge of a roof and is 
Observed to pass by a window which is 2.0 meters 
high in 0.10 second. How far is the roof above 
the top of the window? 


The unknown distance, h, from the top 
of the window to the roof is related to the 
time, te required to fall by: 


h=5 eet, 
Similarly, for the fall to the bottom of the 


window: 
h* 2.0 - Zt? = ist, Pa ean 


time t=0 


_ top of window; 
time t =t,. 

— bottom BE window 
(h +2. 0) from roof; 
time t = tb -tt 0.1) 


Subtract the ne 8 from the second: 
2.0 = Fat, + 0.1)” zx 


223g" * 0.2t, * 0.01 ETH 
4.0 = 0.2 Bt, * 0.01g. 


But g= 9.8: 
4.0 - 0.098 = 1.96t, 
3.90 = 1.96t, 
tt = 1.99 sec. 
This value of t can 1 ves A find h: 
h-3st- 1x 9.8m/sec” X (1.99 sec)? = 19.4 meters. 


Alternate solution. Finding t While avoiding the two quadratic equations: 
Let Vig be the average speed of the stone as it passes the window. 


Vay (5 7 £9 = 2m 
Yos. (0.1 sec) = 


Vay 20 m/ see 


— 
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But "top — Bt Vbollonr - gt = glt, + 0.1) 
Vav 7 7 “top * ‘bottom? 
es gu 0.05g 
20 = 9.8t, + 0.49 


= 1/2 stat. + 0.1) 


9.8t, = 19.51 
tt * 1.99 sec. 
You can also find h without using a quadratic equation. Let v By be the average velocity 
during the fall through h: Buy t 


av t 
But viy = 1/2 Frodt * Ytop = 1/2 (0 + 9.8 0 


Vay = 1/2(9.8)(1.99) = 9.75 m/sec. 


Then, h= vat, = 9. 7b m/ see 1.99 sec = 19.4 meters. 
* * Rõ 


Alternate Solution. (Approximate). 

This problem can be done somewhat more easily, to a very good approximation, as 
follows: 

When the stone is in view, its average velocity, * 18: 


= d = 20m m = 
Vav t — 0.1 sec 20 m/sec. 


It would actually reach a speed of 20 m/sec at a time, ty midway between t and tp: From 
the time it fell from the roof, the time it took to get a speed of 20 m/sec was: 


t == 20 m/ neo = 2.04 seconds. 
C É 9.8m/sec 


During that entire time, it had an average velocity, kf a žo + 20 m/sec) = 10 m/sec. 
Therefore, during te it fell a dístance, h', given by 


* - x2. z 20. 
Bst. 10 m/sec X 2.04 sec = 20.4m 


Therefore, the roof is 20.4 m above the stone when the stone has a speed of v = 20 m/sec = 


Vays But since this occurs midway in time between the top and the bottom of the window, 
the stone is very slightly above the center of the window. Thus, the midpoint of the win- 
dow is about 20.4m below the roof; therefore the top of the window is 19.4 meters below 
the roof. 

Thus, to the number of significant figures we use, this approximation gives exactly 
the same result. The exact position of the stone at the middle of the time interval is only 
0.01 m above the center of the window! 


PROBLEM 18 A boy on a cliff 49 meters high drops a stone and 
one second later throws a second stone after the 
first. They both hit the ground at the same time. 
How fast did the boy throw the second stone? 
Neglect air resistance. 


This free fall problem 18 somewhat more difficult than average; the arithmetic will 
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take a little longer to do than usual. 
d- ig 
First find the time it takes for the dropped stone to hit the ground. From d = 3 gt, 


t= v2d/g= 2X49m Y = 3.16 sec (or 3.2 sec). 
9.8 m/sec 
Since the second stone was dropped one second after the first, it takes t = 2.16 seconds 
(or 2.2 seconds) to drop 49 meters. Its average velocity is therefore 


Ya 2187 ~22.7 m/sec. 
, Ac END 
(or Yeas 22.3 m/sec). 
V,+v, V,+ (v, + at) 
i ; A jo: i 3 yA 
Bue 8) ee NS KEY 


Using t = 2.16, and YE -22.7, Us -22.7 + (4.9 X 2.16) = -12.0 m/sec. 


(Using t= 2.2, and VS -22.8, vm 22.3 + (4.9 X 2.2) = -11.5 m/sec.) 
H 
This problem could also be done by solving for Y, ind- vit * gat once t = 2.16 (or 


2.2) is known. The arithmetic would then be: 


y =d 1/2at? _ -49 + 4.9 X 2.16? = -12,0 m/sec. 


i t 2.16 


-PROBLEM 19 Show that the expression 1 for centripetal ac- 
celeration has the units of acceleration. 
An exercise in dimensional analysis related to citteular motion. 
The units of velocity are (length/time), so the units of v!/R are (length/ time)" x 


* 
length 


= dene, the same as those of acceleration. 
time 


* * * 


For more complicated situations, it is useful to have a notation for the calculation of 
dimensions. We frequently denote the dimension of a quantity by enclosing it in square 
brackets. The dimensions of all quantities we have met so far can be expressed in terms 


of length, time and mass, which we can denote by L, T, and M. Thus, [v] = LI, so that 


2 
y 2 72,.-1 E 
* L T XL = LT = [acceleration]. 
Dimensional analysis is extremely useful as a check on derived formulas, to ensure that 
no factors have been lost. You may want to illustrate by considering additional examples. 


For instance, does the equation d = MU + dat” check dimensionally? 


PROBLEM 20 The minute hand of a large tower clock is 2.0 m 
long. 3 
() At a quarter past the hour, what are the 
direction and magnitude of the velocity of the 
end of the minute hand? 
(b) What is its acceleration? 
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3) To find the direction of Y, imagine drawing a tangent to the circle on which the end 
of the minute hand moves. At quarter past the hour the direction of ¥ is down. 


The magnitude of Y can be found from the fact that the tip of the minute xem travels 
a circular path equal to 27R in one hour. 


27R iir -3 
v= 7T 7 12.6 meters/hr - 12.6 — s X 3600 sec ^ 3.5X10 ` m/sec. 
b) The acceleration in uniform circular motion is always perpendicular to the velocity 
vector. It is always directed toward the center of the circle. In this case it is directed 
from the three toward the nine on the clock. Its magnitude is: 


2 


-3 2 
V. (3.5X10 sec)" . -6 2 
acu 2m 6.1X10 m/sec’. 


PROBLEM 21 (a) What is the centripetal acceleration of a 
> hammer thrower’s hammer if his axis of rotation 
is 2.0 m from the hammer and he turns around 
once every $ seconds? 
(b) If the hammer weighs 70 newtons, what 
force must the hammer thrower exert to maintain 
this centripetal acceleration? 


This is an easy problem but it excites some students because it gives typical num- 
bers for a well-known but poorly understood sport. Possible extensions of the problem 
are given. 


a) Since the athlete turns once every 2/3 seconds, and the head of the hammer goes 
2TR = 27 X 2.0 = 4.07 meters per turn, the velocity of the hammer is 


4.07 
v= "373 = 6.07 m/sec 3; 19 m/sec. 


The acceleration is then 
a= 1) * 20 (6m) = (3m) (em) = 1877 = 1.8 X 10” m/sec”. 


b) To find the force required to produce this acceleration we must first find the mass, 
m, from the given weight. A 70 newton hammer corresponds to a 7kg mass (7.14kg if 


higher precision were warranted). The required centripetal force is therefore 
F = ma= 7 N 1.8 X10" = 1.3 X 10° nt. 


* * * 


Possible Extension: 


A. How far would the hammer go if it were released when it made an angle of 45° with 
the horizontal? 


The initial vertical velocity would be Hey 67 sin 45° = 67 X 0.707 = 13.3m/sec. The 
time for the hammer to reach its highest point is then found from vy = Wy ~ gt. 


ha AM = p = 1.35 seconds. The total flight time is then 2.70 seconds. The hori- 


zontal inate uid is then d = vit 13.3 m/sec X 2.7 sec = 45.9 meters. i 


B. Students may be interested in the world’s record for hammer throwing. The 7.3 kg 
hammer used has been thrown 70 meters. To get a 70 meter throw, the initial velocity 


2 
must be increased. The distance of the throw is proportional to v : 
= zo. " 9 * 45˙. 
Vix Viy 0.707 v, because 


MAN 
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Fer the x motion, x 0.707 vT. T can be obtained from the y motion because it takes 
1772 Bec to reach the greatest height (at which v, = 0). 


Xu m. 
iy y 0.707¥ 
Since v, = Y, St, T= AT E 
y iy 8 2 
9.7071 i . 
since g, T= OIT, Therefore x= 0.1017 &. 4g. 8. 


Ix-70m, v= 9.6 eet X70 m, or v = 26.2 m/sec. If R= 2 meters, 


2 i 
a= = 343 xu aen. The required centripetal force for a 7.3 kg hammer, thrown 70 m, 


18 7.3 kg X 343 m/seg” = 2.5 X 10 nt (550 Iba!) 


C. You will probably not want to discuss the position of the hammer thrower in class. 
But in case some students should exprese interest, the following explanation may help you. 


In what position does the thrower re- 
lease the hammer? The hammer must be 
released when the velocity is in the required 

' direction, 1.e., when its handle and the 
thrower’ s arms are perpendicular to the 
| desired direction, : 


The hammer exerts a horizontal force 
on the thrower. Why doesn’t he fall over? 
Where does the counter acting horizontal 
force come from? 


Force from earth 


j The answer ig illustrated in the figure. The thrower leans back until the moment 
about the pivot (his feet) of the force due to the hammer is balanced by the moment of 

his own weight. Although at this stage students have not been formally introduced to the 
concept of moments, the treatment of this point can be convincing although rather sketchy. 


PROBLEM 22 How fast must a plane fly in a loop-the-loop of 
3 radius 1.00 kmi if the pilot experiences no force 
from either the seat or the safety belt when he is 
at the top of the loop? in such circumstances the 
pilot is often said to be weightless.“ 


1 is an interesting problem in which centripetal acceleration must be equated to 
weight. 


Bince the pilot cannot turn off“ gravity we know that, whatever other forces may 
or may not be acting, he is always subject to 
the force of gravity, mg. ‘This force acting 
alone results in an acceleration downward aa 


though in free fall, a = -9.8m/ Beet if there 
is no apparent force from seat or belt oppos- 
ing this motion, they too must be accelerating 


with a = -9.8m/ sed", This condition could 


occur if the pilot, seat and belt were all falling freely. Jt also occurs when all three 
are moving in a circular path with a centripetal acceleration of $.8m/sec* downward. 


mg 


The speed that would provide this centripetal acceleration can be found from s = oe 


10 . 
v= VaR = V3.8 m/sec“ X10 m= 99m/sec (about 220 miles / hour). 


z 
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The pilot is said to be weightless because he does not experience any support for his 
weight euch as normally would be supplied by the floor under a standing man. 


2 
From a= K we can gee that an increase in velocity (and/or a decrease in radius) will 
increase the acceleration. Hence if the velocity of a plane in a loop of radius 1 km is 


greater than 99 m/sec, the centripetal acceleration will be greater than 9.8 m/ sen" and 
the pilot will be pushed down by the seat when he is at the top of the locp. A lesser velocity 
will result in less acceleration and the pilot will hang from his seat belt. 


PROBLEM 23 Some people speak of a pilot coming out of a, 
power dive in a jet airplane as weighing several 
times his own weight. We sometimes say that the 
same pilot, falling free before opening his para- 
chute is weightless, 

(a) Do these statements make sense in the light 
of our definition of weight as the force of gravity 
on an object? 

(b) What is meant by several times his own 
weight" and “weightless” above? Be prepared 
to discuss these questions in class. 


This problem calls for a qualitative discussion which is related to the quantitative 
calculation of apparent weightlessness in Problem 22, and of apparent extra weight in 
Problems 24 and 25. 


a) If weight is used in its technical sense as the force of gravity on an object, state- 
ments referring to weightlessness or increased weight of a particular man in a particular 
gravitational field do not make sense. Otherwise they do; they mean nig is 0 or ig in- 
creased, etc. The weight of an object may depend on its position (insofar as the gravita- 
tional field varies with position), but it does not depend on the motion. 


b) Several times his own weight' and '*weightless" refer to the supporting force rather 
than merely to that part of the force used to overcome the gravitational force, For ex- 
ample, consider a man standing in a closed elevator. He judges his own weight by the 
upward force exerted by the floor; this force would be equal to his weight if the elevator 
were not accelerating. This force can be judged by the pressure on the feet; it could also 
be measured by a scale if the man stood on a scale in the elevator. 


Now imagine the elevator accelerating upward. The floor of the elevator must push 
up with a bigger force than before in order to accelerate the man. This force ia quite real 
and would be measured accurately either by the scale or by a man whose feet were quanti- 
tatively sensitive to pressure. Thus, if the man did not realize he was accelerating he 
might think that he did weigh raore. This same effect occure when a pilot is coming out of 
a power dive or when an object swings from a string as in Problemas 24 and 28. 

if the elevator accelerates downward, there is less upward force exerted by the eleva- 


tor. (The force of gravity is always the same, of courte, but it is not measured directly; 
the net force is what is sensed by a scale or by the preseure on the feet.) If the elevator 


accelerates downward at 9.8 m/ seo", there is no upward force exerted by the elevator and 
the man’s feet feel no pressure. This effect can also be achieved at the top of a circular 
path ag in Problem 22. 


In summary, the apparent changes in weight ere due to changes in supporting force. 
Actual weight changes can be judged from supporting forces only if there is no acceleration. 


Y 
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24 A MCN bob with a mass of 0.40 ke swings 
PROBLEM 


h the bottom part of its arc with a velocity 
Pt m/sec. The distance from the point of 
suspension to the bob is 1.0 m. What is the 
tension on the string at this lowest point? 


quires the calculation 
This problem dien produce a certain è 
a brate acceleration. z 
ce; that F = má where Fis the net 
licita case P = T - m£- T - 3.9nt. 
force. entripetal acceleration is 
The c 


2 
. (p.70 m/sec) 0. 40 m/sec?. a 
ie ag 1.0m 
Substituting in F = må, E 
| era 3.9) nt = 0.4kg (0.49 m/sec?) | 


| T= 3.9 nt ＋ 0.2 nt 


T= 4.1 nt. 
| string 50 m long of diameter 20 mm just 
PROBLEM 25 irs d hanging ball without breaking. 
| (a) If the ball is set to swinging, the string vin 
break. Why? 


(b) What diameter string of the same material 
should be used if the ball travels 7.0 m/sec at the 
| bettom of its swing? 


his problem concerns the net force required to produce ce 
This p: 


Problem 24. If the class has done Problem 24, Part (a) of 
i pauan toT (b) is related to the strength of materials discussed in 
easy. 


on scaling, ing will break because it will have to exert a fo; 
E B wi fred upward (centripetal) acceleration, 
produc 


b) The required tension is given by: 
} F= ma, 


T-mg=ma, and T= mg, ma = m(g + a), 


) We can find à from v and R: ; ; 
í 7.0 
| K RTT 


| Since T = m(g + a), and in this case g = a, T=2 mg. 


tring tension for the swinging pendulum ts twice the 
Thus, the 8 Swinging pendulum Should be 
In order to provide double the strength, the string must have twie 


pendulum at rest. The string for the 


this problem will 
Chapte 


rce in excegg of the weight to 


String tension for the 
Ce as strong. 


a ^ 
centripeta] 


picture 


acceleration, It 


T 4, Section 4 


e 
area (see Chapter 4, page 46). the cross sectional 


za? 2 


"d 
ld 
2A „, or =2 x — 4 > 2 
AW. old 4 ord 2x 004. 


- se x2. = 
drew = V2 * d jd = V2X2.0 mm 2:8 mm, 


21-37 


PROBLEM 26 An electron (mass = 0.90 X 10 kg) under the 
action of a magnetic force moves in a circle of 2.0 
cm radius at a speed of 3.0 x 10* m/sec. At 
what speed will a proton (mass = 1.6 x 10-? kg) 
move in a circle of the same radius if it is acted 
upon by the same force? 


We are given the mass, speed and radius of an electron moving in a circle. From 
this we can compute the centripetal force required to produce this motion. We are then 
given the mass of 2 proton and asked to find its speed when moving in a circle of the same 
radius under the same force. i 


2 
From F = = we could compute the centripetal force on the electron. * Then knowing 


this force and the mass of the proton, we could solve for the velocity of the proton when 
traveling in the same circle as the electron. 


However, the step by step computation is not necessary: 
2 2 


mv m v 
For the electron, F = so For the proton, F REP. We are given that F F. 
3 e : R p e P 
m v m v my 
ee .— pp 2 2 2.88 
Hence, R cane or Me moo 7 and v. m, 


mv -30 í 
v? ae 2090 X10 — y (8.0 x 1952 = 94 x 19 * x (3.0 x 10”. 
P pP 1.6 X 10 " 


v 2 33. x19? x 3.0 x 10° = 7.1.x 10* m/sec. 
p 1.26 


PROBLEM 27 A moving with a speed v is acted 
ies id Lil NOR drape rd 
pred aller agi pex iconos 


(a) Draw a sketch of the trajectory. 
(b) Does the speed of the object increase, 
crease, or remain unchanged? 


This problem on circular motion should be handled qualitatively. A quantitative treat- 
ment wili be beyond most high school students (or anyone else). 


8) We know that if the force were constant and perpendicular to the velocity, only the 
direction of v would change, making the body travel ina circle. If we consider what happens 


with a constantly increasing force, we can say that a short interval of time the per- 
pendicular force is approximately constant, and ul to, say, FI, so the path during this 
time is approximately part of a circle of radius RI. where 


At any time later, the same argument can be made about -a segment of the path, except 
that now the force is greater, (Ca, Say), 80 the path at this later time 18 approximately 


part of a circle of radius Ra, where 


* 
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Since Fo is greater than Fi Ry will 
be less than E In mathematical 


terminology, the radius of curvature of 
the path is decreasing with time. In the 
figure, we have sketched the path, and 
also some of the circles of which the 
path is a part at different times. 


constant speed v 


The exact solution of this motion shows that the path of the particle, for a force in- 
creasing linearly with time, is the Cornu spiral’’, which is well-known in optics. The 
exact solution is much too complicated to be undertaken with a high school class, 30 do 
not encourage students to do more than describe the qualitative characteristics of the 
motion. 1 


b) The force acting on the body is always perpendicular to the velocity. Thus the ac- 
celeratlon produced by this force is perpendicular to the velocity at all points. The mag- 
nitude of the velocity therefore does not change, but its direction does change. 


PROBLEM 28 As a home project, carry out the experiment 
; indicated in Fig. 21-14. You may want to use à 
pendulum in place of the mass on the end of a 
i spring. Make your own pendulum. H the period 
Moe of your pendulum does not match the period of 
rotation of the phonograph turatable, what do 

you do? 


I the periods of the turntable and pendulum do not match, the penduiv:s can bs length- 
ened or shortened, altering its period to match that of the turntable. A few modern turn- 
tables have continuously variable speed controls. [The period of oscillation of a pendulum 


is: T= 20 0/9 .] 


PROBLEM 29 A spring of force constant k = 196 newtons/m 
hangs vertically from a peg with its lower end at 
y =0, Then a 200-kg mass is hung on the spring. 

(a) Plot the net force on the mass as a function 
of the y coordinate of its position [rom y = —.250 
meter to y. = +.250 meter. 

(b) At what position on thë y axis should the 
ence cet EE cama to stand 

"iu 

(c) Suppose the mass is released from rest at X 
„ =. Describe its subsequent motion. How 
far will it move before it again is momentarily at 
rest? How long a time does it take? 


This problem and Problem 30 deal with vertical springs in simple harmonic motion. 
Either problem would be suitable for a class discussion. If you Fh. you can use the even 


simpler problem of a mass oscillating horizontally under the infl 
earlier class discussion. : eo 


a) The net force on the mass is the vector sum of the varying force due to the spring 


and the constant weight = -19.6nt (where the negative sign indicates the downward direc- 
tion). To plot the net force, tabulate the spring force and the net force as follows: 


Í 
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y (m) -0.25 -0.20 -0.15 -0.10 -0.05 0 +0.05 +0.10 40.15 +0.20 40.25 
Fe pring ^9 *49.0 +39.2 429.4 +19.6 49.8 0 -9.8 -19.6 -29.4 -39.2 -49.0 
Fnet (nt) +29.4 +19.6 +9.8 0.0  -9.8 -19.6 -29.4 -39.2 -49.0 -58.8 68.6 


Alternatively, write the equation for the net force, Fnet: 


> Fret j F spring 


This is a straight line; therefore find F et for the two extremes, y = -0.25 and y = *0.25, 
and use a ruler to get the line. 
The graph then can be plotted: 


+ weight = -ky - mg. 


0.10 0.20 
mU Y (m) —*- 
NS Force due to 
Pre Sy spring alone 
~ 


^ 
bh 


-0.1 


-0.20 


F T Net Force 30 


2R -50 T 


Note: Since F - kx is clearly a straight line, only two points on the table were really 
necessary. 
b) The mass will remain at rest only at Fi "n 0. From the graph this occurs at 


y = -0.10 meters, i.e., 0.1 m below its old resting place. [Analytically, 40 --mg-ky- 


19.6 - 196 y 2 0. Thus, y= -0.01.] 
c) Aty 0, the mass is subject to a net downward force of 19.6 nt; therefore, the 


2.00-kg mass has a net downward acceleration of 9.8 m/ sec’, (This is just as in free 
fall because at y= 0, the spring exerts no force.) It will oscillate symmetrically about 
the point where the net force is zero, i.e. about y - -0.10. It moves from y = 0 to 

y = -0.20m, a distance of 0.2 meters. In moving from y = 0 to y= -0.20 m, the mass 
goes through half of a complete cycle. The time for a complete cycle, the period T, is 


T-27 W- 2 & 3.14 (485) 1/2 0.684 sec. 


The time taken to reach the lowest point is half of this, 1.e., 0.317 sec. 
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PROBLEM 30 A block of mass m rests on a horizontal platform. 
The platform is driven vertically in simple 
harmonic motion with an amplitude of 0.098 
meter. When at the top of its path, the block just 
leaves the surface of the platform. (This means 
that at this point its acceleration is 9.8 m/sec* 
downward.) 
(a) What is the period of the simple harmonic 
motion? 
(b) When at the bottom point of its path, what 
is the acceleration of the block? 
5 (c) What is the force exerted by the platform 
on the block at this bottom point? 


Sirice the block follows the platform' s motion, itg motion must also be simple har- 
monic, which means that the equation for the net force on the block must be: 


„ma mA ky 
where y is measured from the midpoint of the motion. . 


a) The period of the motion is T = 27 K. How do we find k? If we know the value 
of F at a given value of y, we can calculate k. Information which ie essentially just this 
is given in the problem: we are told that at the top of its path (I. e., when y= R, the amp- 
litude of the oscillation) the block just leaves the surface. 8o at this point the block is not 
in contact with the plane, and the only force acting on it is its weight mg. Thus 


kR = mg, and k= R. 


AEE p gi 0.098 | 1/2 _ 
The period T is then given by T 27 "T on yE 2X 3.14 (396 ) 628 sec. 


b) At the top of the path, the force on the block is mg downward, therefore at the bottom 
it must be mg upward and the acceleration is therefore g upward. 


c) At the bottom point, the net force on the block is mg upward. This is the resultant 


of its weight mg downward, and the force exerted on 1 
must therefore be 2 mg upward. ovile lu — The latter force 


) PROBLEM 31 (a) What is the period of a pendulum consisting 


of a mass of 2.0 kg suspended on a light cord 2. 

meters long itg - s NAE . : 
: (b) Notice that we can use a pendulum to 
measure g. If the period of this pendulum is 3.0 


sec, what is g? 
This problem illustrates how & pendulum can be used to measure g quite accurately. 
a) The period T, for a simple pendulum is given by the equation 


r- 125 3.14 (440 J 6.28 X .495 = 3.1 sec. 


b) If remains 2.4m, but T beco 3. 
Sie a chore IAM seas mes 3.0 sec instead of 3.1 sec, what would g have to 


2 2 

ENTA an 48 |? 

( 27 ) =£ and 610 T 2.4 ($38) 7 10.5 nt/kg. 

Be sure that students realize how easy it would be to find this diff. win 

of the pendulum sre counted for six minutes, for example, there poly bs 7 Seles tox 


part a) and 120 swings for part b). It is easy to set up a simple pendulum as a class dem- 


onstration. Aceurate values of the period can be obtained by timing a large number of 
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swings. You can verify that the period varies as W, and also obtain a surprisingly accurate 
value for g. 


The formula we have used was derived under the assumption that the angle of swing is 
*gmall". If the angle of swing is kept less than about 30° the error will not be appreciable. 


PROBLEM 32 While a bus is in motion along a level, straight 
road, we roll a marble from one side to the other 
across the floor of the bus. Its path is a straight 
line relative to the bus. Later we roll it again, and 
this time the path is a parabola which bends 
toward the front of the bus (concave toward the 
front of the bus), Describe the motion of the bus 
in each case, Be prepared to discuss in class, 


This is a problem involving relative motion and the effect of a moving or accelerating 
frame of reference. 


In solving this problem, one must realize (idealize) that the marble is not subject to 
any force from the bus. Thus, while it is rolling, the marble must move in a straight line 
relative to an inertial system such as the fixed stars. The marble can, of course, have 
any initial velocity but that velocity then cannot change. 


When the marble moves in a straight line relative to the bus, a man in the bus sees no 
marble acceleration, so he concludes that no force is acting on the marble. We have al- 
ready noted that in an inertial frame, no force acts on the marble, so in this case the bus 
must be an inertial frame; i.e., it is moving at constant speed (or is at rest). 


When the marble moves in a parabola toward the front of the bus, the observer in the 
bus sees a constant apparent acceleration, d, (relative to the bus) toward the front of the 
bus. He concludes that a force, F = ma is pulling the marble toward the front of the bus. 


However, we know that in an inertial frame 
the marble has no force acting on it. Therefore 
we can conclude that rather than the marble ac- 
celerating forward, the bus must be accelerating 
backward in the inertial frame. 


This is a deceleration, and it must have the 
value, à, derived above by the rider. The force 
deduced by the rider is then what we call a fictitious force. In the non-inertial frame it 
must be assumed to be acting in order to understand the observed motion, but in an inertial 


frame it does not exist. 
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Chapter 22 — Universal Gravitation and the Solar System 


PURPOSE To introduce Newton's law of universal gravitation in its historical context, 
and to present an account of man's continuing effort to understand the workings of the 
universe. 


CHAPTER SUMMARY 
Chapter 22 presents a historical account of the attempts to construct a kinematic and 
dynamical model for the solar system, culminating in the law of universal gravitation. 


Sections 1 through 5 present a bit of the history of the centuries of speculation about 
the nature of the solar system, beginning with the ideas of the ancient Greeks. The sections 
briefly discuss how Kepler built on the work of Copernicus and Brahe, in arriving at a 
simple but satisfactorily precise kinematic description. 


Section 6. From the viewpoint of kinematics, the choice of a frame of reference is 
arbitrary. However, when the dynamics of a situation are considered, one frame may be- 
come highly favored as a logical necessity. 


Sections 7 through 11 discuss some of Newton's many contributions, stressing the 
source and use of his law of universal gravitation. In closing, it is noted that even this 
useful law has limitations, and does not precisely explain all observations. 


EMPHASIS 


Chapters 20, 21, and 22 form a natural unit in which the ideas of Chapters 20 and 21 
are brought to bear on planetary dynamics and universal gravitation in Chapter 22. Thus 
Chapter 22, as well as introducing some new material, provides a substantial review of 
the earlier work. If you are pressed for time, Chapter 22 can be handled largely as a 
reading assignment with a bare minimum of class discussion and problem solving, with- 
out loss in continuity in progressing through the volume. 


However, an overly rapid survey of this chapter will miss some of the most exciting 
parts of physics. A study of science cannot be divorced completely from a study of the 
history of science, nor can an appreciation of the contribution of great scientific figures 
be achieved without a knowledge of the facts of science. The professional scientist's 
enthusiasm for his work can be traced in part to his appreciation for the fact that he is a 
member of a team — a team that began many centuries ago and which will continue indefin- 
itely. Just as the historical figures were able to contribute to the understanding of prob- 
lems that disturbed them, so does the modern scientist, drawing on their successes and 
failures, hope to contribute to the clarification of problems of contemporary interest. 
Modern physics derives from the work of men like Galileo and Newton. Mechanics, viewed 
from the scientific environment of its great innovators, can be vital and exciting. Hope- 
fully, it is this flavor which your students can derive from the present chapter. If your 
Students can find the time for it, a little outside reading at this point can contribute hugely 
to their perception not only of Scientific principles, but of the human nature of science, 
and the simply tremendous intellectual accomplishments of men like Newton, Kepler and 
Galileo. Further, planetary physics is not simply a matter of historical interest. A 
realistic perception of the problems of space travel is possible only through a grasp of 
the dynamics involved. In this course, the ideas return in the Rutherford model of the 


atom. 


SCHEDULING CHAPTER 22 
The following table suggests possible schedules for this chapter, consistent with the 


Schedules outlined in the summary section for Part III. Sections which are enclosed by 
brackets [] can be deemphasized or skipped in class discussion without loss of continuity. 


9-week schedule 
for Part III 


15-week schedule 
for Part III 
Subject Class Lab 
Period Period 
: 2 
BE es 1 
10, [11 


SUPPLEMENTARY MATERIAL FOR CHAPTER 22 


Laboratory. Experiment III-7, Law of Equal Areas, uses a simple pendulum, whose 
bob distributes sand as it moves in an ellipse to investigate the law of equal areas in 
equal times. The bob and sand not only mark out an ellipse, but serve as a timing de- 
vice. The mass of sand deposited on a given arc is proportional to the time required by 
the pendulum to swing through that arc. This experiment can be done about the middle 
of Chapter 22. See the yellow pages for suggestions. a 


Home, Desk and Lab. The following table classifies problems according to their esti- 
mated level of difficulty and the sections to which they relate. Those which are especially 
suited to class discussion and those which are home projects are indicated. Problems 
which are particularly recommended are marked with an asterisk(*). Answers to prob- 
lems are given in the green pages. 


Films. Solar System Kinematics’? is in preparation. Wh 
with the first few sections of this chapter. as a. ed 


Universal Gravitation” by J. N. P. Hume and D. G. Ivey of the University of Toronto 
reconstructs the logic behind the law of universal gravitation through — bow the 
law might have been discovered on “Planet X” in another solar system which has only 
the one planet. The film points out how the frame of reference adopted affects a kinematic 
description. Observation of the orbits of artificial Satellites enables determination of the 


inverse square law of force, the constancy of R/ T? 
matic description of Planet X's Solar system, and to 
film is closely related to Sections 6, 7, and 8. 


“Elliptic Orbits“ by A. V. Baez. Beginning with an elli 
areas, gravitational force is demonstrated to obey an inver 
vation is almost entirely geometric. This film can be used 
of Sections 7 and 8. Running time: 18 minutes. 


and eventually leads to a proper kine- 
the law of universal gravitation. This 


ptic orbit and Kepler's law of 
Se square relation. The deri- 
in connection with discussion 


IU 
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Supplementary Reading. In addition to the references at the end of Chapter 22, the 
following Science Study Series books will interest many students: 


The Birth of a New Physics, by I. Bernard Cohen; 


The Universe at Large, by Herman Bondi; 
The Watershed, by Arthur Koestler. 


Other titles relating to Part III of the course will be published in this series. 


Section 1— Early Planetary Models 

Section 2 — Copernicus' Planetary System 
Section 3 — Objections to Copernicus' Theory 
Section 4 — Tycho Brahe 


PURPOSE To present the historical background for the work of Kepler and Newton. 


EMPHASIS This material can be handled almost entirely as a single reading assignment. 
It is not necessary to beiabor the details of geocentric models, but how different frames 
of reference lead to different interpretations should be pointed out. 


FILM If‘‘Frames of Reference" has not been shown previously, it can be used with the 
material of these sections. 


COMMENTS It is impossible to separate a discussion of modern science from its histor- 
ical roots. Present day thinking is as much conditioned by the questions raised by the 
ancient Greeks as by the work of this century. While some of the answers proposed by 
the ancients may seem humorously wrong in the light of modern theory, no scientist 

can help but marvel at the enormous insight apparent in their questions, nor wonder wher£ 
we might stand today if their original efforts had been steadily maintained instead of 
stagnating for almost two thousand years. 


The weakness in the approach of the Greeks to a study of astronomy was their reliance 
on intuition rather than on direct observation in their search for reasonable models. An 
example was their insistence on the use of circular orbits for celestial motion, simply 
because the circle was considered perfect“. No one bothered to study the motion in 
Sufficient detail, as did Brahe centuries later, to show that motion was not quite circular. 
Because of this strong reliance on instinct, it is difficult to separate ancient science from 
its contemporary philosophy. Even today, basic philosophical questions are frequently as 
disturbing to scientists as direct observations for which they have no ready explanation. 


The notion of a universe composed of bodies moving in perfect circular'' orbits did 
not originate with Plato. These ideas go back at least as far as the Pythagorean school 
(580 to 500 B.C.) more than a century earlier. At least two members of the Pythagorean 
School, Hicetas and Ecphantus, proposed a fair model of what we generally call the 
Copernican view of the solar system, with an earth which rotates daily on its axis and 
an immobile sphere of fixed stars. However, in this model, the sun and moon were 
assumed to move in circular orbits about the earth. Plato believed firmly that the earth 
stood still, but even in his day, Heraclides taught that the earth rotates on its axis once 
a day, and even suggested that Venus and Mercury moved in circular orbits about the sun 
while the latter revolved about the earth. The accepted ‘‘Copernican’’ model was probabl 
first stated by Aristarchus of Samos (ca. 310 to 230 B. C.), who purportedly published 
the following hypothesis: The fixed stars and the sun remain unmoved, but the earth 
revolves about the sun in a circumference of a circle, the sun lying in the middle of the 
orbit. The basic suggestion for the Ptolemaic system undoubtedly arose from the work 
or the great ancient astronomer, Hipparchus, who died about 125 B.C. Hipparchus, un- 
like many of his predecessors and successors, was a great observer and made very 
careful measurements of celestial motion. He detected small variations in the plane of 
the ecliptic* due to precession of the earth's axis, deriving a figure which agrees, within 


*The ecliptic plane is the plane of the earth's orbit. 
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one percent, with its modern accepted value. This motion is so small and slow that it 
takes about 26,000 years for its complete cycle. 


The heritage of Greek science was advanced by the Arabs, after their conquest of the 
Egyptian city of Alexandria which had become the principle center of Greek learning by the 
third century B.C. During the middle ages, the Ptolemaic system returned to Europe via 
translations from the Arabic, together with star catalogues compiled by Arab astronomers 


As pointed out in Chapter 3, parallax should be noticeable when observing any system 
from one which is in relative motion. Copernicus was concerned about the fact that he 
could not observe stellar parallax, particularly since, in his notion, the sphere of fixed 
stars was fairly near the earth. He had no idea of the enormous distances actually in- 
volved, and the fact that stellar parallax is far too small to measure by simple means. It 
was not until the year 1838 that stellar parallax was first noted by the German astronomer, 
F.W.Bessel. Remembering that the largest parallactic angle ever observed is 0.756 
seconds of arc (for the nearest star, alpha Centauri), it is easy to see why the effect was 
so long unobserved. The correct notion of the almost infinite distance between the earth 
and the stars was probably first proposed by Giordano Bruno in the 15th century. (See 
Figure 3-5.) 

* * * 


The description of planetary motion and Mars 
the equivalence of the different descriptions 
(geocentric, heliocentric etc.) is greatly 
aided by the use of vectors. The figure at 
the right shows the radius vectors from the Earth 
sun to the earth and from the sun to Mars. 
The axes are fixed relative to the stars. 


axis fixed with 
Sun respect to the 


stars 
It is a good approximation to say the planets move in circles about the sun at constant 


(but different) speeds. Then in our diagram the two radius vectors from the sun, f, to 


the earth and Ta to Mars, simply turn about the sun with unchanging length. This is 
Copernican view. 


To locate a planet such as Mars relative to the earth we simply note that 
Ts ia A Brio marae Or conversely, f hto “= ui - FS. 


Mars 


d z 
Earth earth to mars 


The vector f BR to mara changes as both planets move just as if the earth and Mars 
were joined by a rotatable joint at the sun. A model of 
a such a m 
to make with two sticks and a nail. Note that the vector from pe vests — Jed. pes 
revolution each year relative to the reference axes, and that from sun to M 
lution in a Martian year (687 days). — 


Sun 


ne 
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In evaluating the work of Copernicus, it is important to remember that, prior to Brahe, 
there was no really precise data on the motions of celestial bodies. Brahe, who was no 
believer in the Copernican theory, was probably motivated as much. by a determination to 
disprove Copernicus’ model as by anything else. To him, one of his great achievements 
was the failure to detect stellar parallax, even with his highly accurate observations, 
thereby ''disproving'' the Copernican model. 


At the same time, Brahe was not willing to accept the enormous complexities of the 
Ptolemaic model and developed a geocentric system of his own. in Tycho's system 
Mercury and Venus were assumed to revolve around the sun, while the sun and other 
planets revolved about the earth (similar to the model of Heraclides). 


* * * 


Most of the reaction against the Copernican system arose not on publication of 
Copernicus theory, but much later, about the time that Galileo confirmed the Copernican 
hypothesis. Before Galileo, the Copernican System apparently was dismissed simply as 
just one more hypothesis with slightly more geometric simplicity than that proposed by 
Ptolemy. The real concern arose when Galileo, with his telescope, presented hard facts 
which destroyed the long held myth of ‘‘perfection’’ in the heavens. 


Galileo found four moons revolving around the planet Jupiter, thus providing an exam- 
ple of rotation about an object other than the earth. Furthermore, he was able to observe 
the phases of Venus, and in so doing, he discredited the Ptolemaic model (Figure 22-4) 
which placed Venus always between the earth and sun, In the latter case, Venus would 
never progress beyond the crescent phase. He also observed the motion of sun Spots 
which suggested that the sun was rotating about its axis, thus lending credence to the 
proposal that the earth itself might be spinning. 


Section 5 — Kepler 

Section 6 — Kinematic Description and the Dynamical Problem 
PURPOSE To introduce Kepler's laws of planetary motion in their historical context, 
and to indicate their significance in leading to a simple, unified, dynaznical explanation 
of motion. 
EMPHASIS Some class time, perhaps one half a period; should be spent on discussion 
and problems. Students should n.! Kepler's three laws and understand how they con- 
tributed to the final solution of the dynamical problem. 


FILM When the film ‘‘Solar System Kinematics” is completed, it will be appropriate for 
use with these sections. 


LABORATORY Experiment HI-7, Law of Equal Areas, can be done in connection with 
work on these sections. 


DEVELOPMENT The important points to be brought out in discussing these sections are: 

1. Brahe’s painstaking observations provided the data for the problem in hand. An 
analogy could be drawn between Brahe’s records and the lists of angles of incidence and 
refraction that Snell must have had before he was able to discern the order represented 
by Snell's law. 

2. Kepler's work was analogous to the enunciation of Snell's law. However, in the 
case of the solar system problem, the data were much more complex and the accomplish- 
ment of seeing order among them was that much the greater. Kepler stated the kinemati- 
cal problem in analytic terms. 


3. A properly conceived geocentric system will do just as good a job of describing 


22-6 

olar system as does the heliocentric system. However, when one 
MEN pies to the dynamin! problem he must propose a force to account for every 
observed acceleration. In a geocentric system, the accelerations are so complex that the 
gravitational force might easily get lost in the maze of other, fictitious, forces. Ina 
heliocentric system, the central force stands out clearly. Thus from such an approach 
Newton was able to analyze the problem in a productive way. : 


QUIZ QUESTIONS 1. An earth satellite, 817 moves in a circular orbit with radius four 
times the earth’s radius. Compare its.period of revolution with that of a second satellite, 


82 which is very close to the earth's surface. What is the ratio of their speeds? 


3 
NER n: dn? TZ en. 
AUR - K. Therefore, TDi mw YA and pono qas Compared to satellite 82. the 
4 12 Ty Tg R 


satellite JU which orbits at 4R, will take 64 times as long to complete one circuit around 
the earth. The ratio of speeds is given by: 


716. Hence, V9 = 16 v1?) 
2 


2. Can two different frames of reference give equally valid kinematic descriptions of 
the motion of an object? (Yes, but one may be much more complicated than the other.) 


3. How does Newton's law influence the choice of a frame of reference? (The kine- 
matical description should lead to the simplest and easiest force analysis.) 


4. Describe the motion of an artillery shell fired horizontally from the viewpoint of 
(a) an observer moving along in a jet plane which has a horizontal velocity equal to 
the horizontal component of velocity of the shell; 


(b) an observer in free fall (no air resistance). 
(a. The shell drops straight down with acceleration - g. b. The shell appears to be 
going away in straight line horizontal travel with constant speed.) 


Section 7 Newton 
Section 8 — Universal Gravitation 


PURPOSE To present a simplified version of Newton's analysi ical problem 
couched in Kepler's kinematical laws. ysis of the dynamical p 


. EMPHASIS These two sections are the heart of Chapter 22. Students will profit from a 
classroom discussion following home study of the sections. Discussion should be directed 
first toward consolidation of their understanding of Newton’s treatment of Kepler’s laws. 


LIN A have this well in hand,discussion should be extended to the relevant exercises 


LOGICAL DEVELOPMENT 1. Approximate the planetary orbits as circles. 

2. AN uec in uniform circular motion moves with a centripetal acceleration, 
a = 4 R/T’. 

3. Kopier Ngaa that for all planets (sun satellites) R/T = Ks. Substituting, 
2 * 4 KR ; and applying Newton's law, F = 47K /R. 


E 
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4. Assume (as we now know!) that for earth satellites there is also a relationship R/ T? = 
Ke. Then for any object in the earth's gravitational field, the force which acts would be: 
F = Ar K m/ Re. 


: ir p 2 
5. At the earth’s surface, Fs urface mg therefore g= 4T K/R , and knowing 


g and Re urface’ K. can be found. 


surface 


6. Having established a value for K. and knowing the radius, Rw of the moon's orbit 
around the earth, its acceleration, an (or its period, T) can be calculated and compared 


to the observed values. The agreement is found to be well within the errors inherent in 
the observations. 
7. It remains to establish a connection between Ky K, and similar constants that would 


apply to other sources of gravitational attraction. Symmetry suggests the trial, K, - Gm, 
K. = Gm. etc., where G is a universal constant which describes the strength of the 
gravitational interaction. This gives for the gravitational force, F = Gm,m,/ RÊ, a law that 


has now been verified by a host of observations. 


FILMS Universal Gravitation” deals directly with the principal ideas leading to the con- 
cept of universal gravitation. '«Elliptic Orbits“ gives an interesting demonstration of how 
the inverse square law of force can be deduced from an elliptic orbit. 


COMMENTS It may be useful for you to have clearly in mind the role played by each of 
Kepler's laws. Their significance can be described as follows: 


1) The observation that equal areas are swept out in equal times by a radial line to the 
planet from a fixed point in space can be interpreted as proof that the force which is acting 
is a ‘‘central force“ — i.e., a force whose origin is a fixed point in space and whose direc- 
tion of action is toward or away from that point. (Note that this is equally true for planetary 
motion under an inverse square law and for the pendulum motion of Experiment III-7, 
where the motion i8 simple harmonic and the force is proportional to the first power of the 
displacement. ) 


2) Analysis of the observation that any single orbit is elliptic in shape with the force 
center at one of the foci of the ellipse provides proof that the force which is acting has an 
inverse square dependence on the distance. (Note that in Experiment III- 7 the center of 
force is at the center of the ellipse, not at one of its foci. This is consistent with the 
direct first power and not the inverse square force law.) A demonstration that the inverse 
square force law follows from an elliptic orbit is shown in the film '*Elliptic Orbits“. 


Here it should be noted that for circular orbit, the center of the orbit and the foci of 
the degenerate ellipse are at one and the same point. Therefore no conclusion can be drawn 
about the force law in this case. Another way of seeing this is to note that a circular orbit 
samples only one radial distance. Therefore it cannot be expected to give information about 
the distance dependence of the force in question. 


3) Kepler's third observation, summarized in his third law, was that for every planet 


the ratio R/ T had the same value. This observation can be used in various ways depend- 
ing on the structure of logic that is being developed. 


At the high school level it is not possible to analyze elliptic orbits. Therefore the text 
takes note of the fact that the ellipticity is usually small and then goes on to approximate 
each orbit as a circle, with radius equal to the mean radius at the true ellipse. In this 
approximation as noted above, it is impossible, from the orbit of any single planet, to de- 
duce anything about the distance dependence of the force which is acting. However, under 
the assumption that the planets are all attracted to the sun by forces which are in direct 
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proportion to their masses (the equivalence of gravitational and inertial mass) the inverse 


3,2 
lopment, other 
square law can be deduced from the constancy of R/ T. In this deve 
evidence is accepted as proof of the equivalence of inertial and gravitational mass. This 


equivalence serves, in effect, to normalize the behavior of the various planets to fit one 
single force field. Then R/T" = K identifies the distance dependence of this force field. 


On the other hand, if the elliptic orbits are accurately observed and analyzed, any one 


of them is sufficient to provide proof for the inverse square law over the range of distance 


which is sampled by that orbit. If this evidence is accepted with complete generality, as 


proof of the inverse square law, then the R/ T? = K data serve as evidence that the ratio 
of inertial to gravitational mass is the same for all the planets. 


Section 9 — Some of Newton's Later Accomplishments 
Section 10 — Laboratory Tests of the Law of Universal Gravitation 


Section 11 — A Small Discrepancy 
PURPOSE To fill out the story of the law of universal gravitation. 


EMPHASIS Very little discussion of these sections should be required. However, some 
closely related topics are presented in the following comments. If the film, ‘‘Forces’’, was 
not used earlier, the sequence showing the nature of the Cavendish experiment is relevant 
here. 


ADDENDA 


General Relativity. Newton’s work led to the recognition of the proportionality of 
gravitational and inertial mass. Einstein, in his General Theory of Relativity, takes this 
apparent coincidence and states it to be a fundamental and inherent property of matter. It 
is related to the indistinguishability of the effects of gravitation and acceleration. Appendix 
4 at the end of this volume of the Guide is a supplement on General Relativity. 


* * * 


Tides. Students living in the middle of the continent may not be familiar with tides. 
Although the details of tidal motion are complicated by local variations in the shore line and 
ocean floor, the principal motions are caused by gravitational attraction of the moon for 
the earth. This phenomenon is illustrated below. (Scale enormously exaggerated. ) 

Now that students know that the force be- 
tween the moon and earth results in an accel- water pulled away 
eration, they may be able to better understand from earth 
the tides. Essentially, the moon and earth 
freely fall (accelerate) toward one another. 
The force per unit mass is the parameter fol 
which establishes the acceleration of a particle. 
Since the gravitational force field of the moon 
varies as the inverse square of the distance 
from the moon’s center, the acceleration to- B 
ward the moon of a particle at A tends to be earth pulled from 
greater than that of a particle at B, which in water 
ne ae to „ than that of a particle 
at C. ee were rigid, no tidal motion could result. The e es 
would be compensated by internal forces. When water is the RES ae Pe * 
it is free to flow, changes in level will occur. Thus the moon’s attraction produces two 

bulges in the ocean on opposite sides of the earth. Since the earth rotates oic in 24 hours 
there are two high tides per day at any ocean location, although they may not be of exactly í 
equal height. While the influence of the sun must also be considered in calculating the 
exact size of the tides, its effect is considerably smaller than that of the moon à 


TE 
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The force exerted by the sun upon a unit mass anywhere on the earth is about 100 times 
greater than the corresponding force exerted by the moon. Nevertheless, the tidal effect 
of the moon is about twice that of the sun. This is because the difference between fhe fórce 
of the moon on a unit mass on the earth's surface at A and on another at D, is more than 
twice as great as the difference in the sun’s force at these points (this is because the 
fractional change in the inverse square of the distance from the moon to these points is al- 
most 400 times greater than in the fractional change in the inverse square of the distance 
from the sun to these points. 


The highest tides occur about twice a month approximately with the new moon and full 
moon, when the sun, earth, and moon are all in positions along the same line. Tides may 
vary considerably in magnitude from place to place along a coast because of details of the 
localtopography. The largest tides are most frequently seen in partially enclosed bays. 
In the Bay of Fundy, for instance, the difference between high and low tide is over 50 feet. 


Fluctuations in Gravitational Force. To first approximation, the acceleration of 
gravity is constant over the survace of the earth. To second approximation, it varies from 
point to point on the surface because of variations in height of the terrain and the fact that 
the earth is not exactly spherical. To third approximation, the acceleration of gravity 
varies with the distribution of masses in the earth’s crust at the particular location. This 
fact is of great importance to geologists, since hidden features of the earth’s curst may be 
detected by accurate measurement of local variations in g. If g is measured above a 
large cavern which may be filled with oil, it will have a smaller value than if measured 
over a region of solid rock, and a still smaller value than if measured over a large deposit 
of lead or gold. The value of g also depends on the rotation of the earth, as discussed in 


Problem 21. 
* * * 


Composition of the Earth. Cavendish’s experiment enabled him to find the mean density 
of the earth, and determined that this was about 5 1/2 times that of water. Since the sur- 
face rocks have a density of only 2 to 3 times that of water, the interior of the earth must 
obviously be made of a material of higher density than the surface crust. The molten 
basalt, or lava, which underlies much of the earth’s crust is itself far too light to account 
for the measured density of the earth. A good deal of the earth’s mass apparently resides 
in a relatively small heavy core“ at the center of the earth, of density about ten times 
that of water. This core is presumably composed of metals like iron and nickel rather 
than rocks. The core, as determined by seismic measurement, is essentially spherical 

in shape and about 2,000 miles in radius. The core itself is apparently not uniform in 


( 


density but shows a distinct rise in density, increasing as the center of the earth is approached, 


Starting at about 1,000 miles from the center. At the center of the earth the density is 


about 16 times that of water. 
* * * 


UNANSWERED QUESTIONS Students should not feel that gravitation is a completely 
settled issue. There are a number of unresolved basic questions about gravity, even years 
after Einstein’s theory of general relativity: as the following: 


1) Why does the gravitational field follow an inverse square law? 

2) What is the speed of propagation of the gravitational field? 

3) Does gravity theory hold for very large and very small distances? 

4) Does the law of gravitation hold everywhere in the universe? 

5) Is the gravitational constant“, G really constant, or does it change slowly with 
time over billions of years? 

6) Is the gravitational force between two bodies independent of the distribution of 
matter in the rest of the universe? 


We have no answers to these ‘‘simple’’ questions, or for many others of great funda- 
mental interest. If gravity is a field of investigation which is currently somewhat static, 


22-10 


it is not through exhaustion 
conceive and execute exper 
and neither technology nor 


year! 
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Chapter 22 — Universal Gravitation and the Solar System 
For Home, Desk and Lab — Answers to Problems 


The following table classifies problems according to their estimated level of difficulty 
and the sections to which they relate. Those which are especially suited to class dis- 
cussion and those which are home projects are indicated. Problems which are particu- 
larly recommended are marked with an asterisk (*). 


10*,14,15 
16*,17* 


(c) See discussion on page 22-20. 


SHORT ANSWERS 6 
10. 2.6X10 m. 
Home project. 1 
11. (a) 3.6X10' m. 
Home project. xy 2 
(a) About one revolution in 4 weeks (b) 0.22 wat 
(27.3 days). (c) 0.23 m/sec’. 
Earth would appear fixed from 
the moon. íi 12. 5.5 * 1924 kg. 
(c) About one revolution in 4 weeks 2 393- 
(29.5 days). Sun appears to ro- 13. (a) PT , 8 constant. 
tate a little slower than the fixed : a he 
stars. (b) 1.41 x 10! kg-sec?/m^. 
(a) Once 10 (29.5 days). 14. (a) 5.1% 10° ae. 
(b) 8 1010 m. (b) 104 sec. 
(c) Moon's path always concave 15. Mars: 360 newtons. 
toward sun. See sketches on Earth: 980 newtons. 
page 22-16 and 22-17. Jupiter: 2400 newtons. 
(d) No. 
Elliptical. 16. 2.8X107" newtons. 
4 
(a) 2.2 * 1015 m?/sec. 17. F 2 1.9 * 107 ** newtons. 
(b 2.1 * 19H m/ se. 18. (a) 1.5 greater than on earth. 

12 (b) Planet density = 3/4 earth density. 
ides! nir 19. Tangential velocity is sufficient to 
See discussion on pages 22-19 result in a stable orbit. 
and 22-20. 20. (a) Same. 

(a) v, = 2v,. (b) Negligibly different from present 
1 =2 A moon-earth path around sun. 
b) FI -2F,. (c) 2.2. 


(d) See discussion on page 22-26. 
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21. (8) 3.4 newtons less. 


(b) One revolution in 1.4 hours. (b) 
(c) 17 times greater. 


22. (a) See sketch on page 22528. 
(b) See sketch on page 22-29. 
(c) 1/1 and 1/2. 


COMMENTS AND SOLUTIONS 


PROBLEM 1 


As a project, observe the position of one of the 
„„ to the fixed stars once or 
twice a week for a month or two. Begin by plot- 
ting a map of the stars surrounding the planet. 
Then mark the new position of the planet on this 
map at each observation. 


No. 


23. (a) See discussion on page 22-29, 


Students who try this would be well advised to construct a crude sextant or, perhaps, 
use the parallax viewer from Experiment I-2 to obtain reasonably quantitative results. 
Otherwise, it would be best to start with a scaled ‘‘star map“ of the region of the sky 


under study 
PROBLEM 2 


Another : The four | moons of 
Jupiter pe p through iau bly good 
binoculars. One of the moons moves so fast 
that its motion relative to Jupiter can be detected 
by observations just & few hours apart. With 
your binoculars, observe the positions of the 
moons every clear night for about three weeks. 

(a) Plot their positions relative to Jupiter for 
each observation. 

(b) Can you determine the period of revolution 
for each moon? 

(c) Which of these moons is nearest to Jupiter? 


Reasonably good binoculars are required since inferior ones may have too much spher- 
1cal and chromatic distortion to permit resolving the moons. The binoculars must be 
mounted on a rigid support for this observation. Remind students that Galileo made this 


merid with optical equipment far less adequate than a pair of commercial binocu- 


Jupiter has eleven satellites. The four largest of these, Io (I in following table), 
Europa (I), Ganymede (M), and Callisto (IV) were discovered by Galileo in 1610. The 
Smallest of the four, Europa, is about the size of our moon, while the two largest, 


- Ganymede and Callisto, are lar, 


the satellites is-given in the following table: 


Designation 


*|a3|H|^ 


The Satellites of Jupiter 


Discovery Distance from Diameter 
Jupiter (mi) (mi) 
Galileo, 1610 261,000 2318 
Galileo, 1610 416,600 1967 
Galileo, 1610 664,400 3200 
Galileo, 1610 1,168,800 3218 
Barnard, 1892 112,600 100? 


ger than the planet Mercury. Pertinent information about 


Period of Rev. 


1d18 h 28 min. 
3d 13h14 min. 
7d 3h42 min. 
16 d 16 h 32 min. 
0 d 11 h 57 min. 


* 
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VI Perrine, 1904 7,114,700 80? 250 d 17 h 
vu Perrine, 1905 7,288,600 257 260 d 1 h 
vin Melutte, 1908 14,600,000 15? 739 d 
IX Nicholson, 1914 14,900,000 15? 745 d 
x Nicholson, 1938 7,300,000 15? 270 d 

^ Xx Nicholson, 1938 14,000,000 15? 135 d 


The seven small satellites are far too small to be observed except with the largest 
astronomical telescopes and under highly favorable conditions. The outer sateliltes are 
so small that they could not be seen from Jupiter without a telescope! 


PROBLEM 3 The fixed stars go around in about one day as 
seen by an observer on the earth. About how 
long do the following revolutions appear to take? 

(a) The sphere of the fixed stars as seen by 
someone on the moon. 

(b) The earth about the moon as seen from the 

moon, 

{c) The sun as seen from the moon. Does the 
sun appear to rotate as if it were one of the fixed 
stars? Does it appear to rotate faster or slower? 
Remember that the earth and moon go around 
the sun once every year. 


This question can be answered at several different levels. At this stage a brief qual- 
tative answer should be expected, 


Answer #1 (brief): 


a) We know that, because the earth rotates on its axis, the stars-appear to go around 
the earth once a day. But what about the stars as seen from the moon? Does the moon 
rotate on its axis once a day as does the earth? 


This last question can be answered from an examination of the solar system table on 
page 350 of the text. The period of the moon’s rotation on ita axis is the same as the 


period of the moon’s revolution around the earth. This is 2.36 X 10° sec, or 27.8 days. 
Since, relative to the fixed stars, the moon rotates on ite axis once in 27.3 days, the 
fixed stars would appear to a moon observer to rotate once in 27.3 days. 


Some students should be able to arrive at an approximate answer without referring to 

the table. The key is in properly interpreting the fact that, from the earth, we always 

see the same face“ of the moon. As the moon travels through an angle 0 in its revolution 
around the earth, the moon must also rotate on its axis through the same angle in order 

to keep the same “face” toward the earth. Hence the period of the moon’s rotation on 

its axis is the same aa the period of the moon’s revolution around the earth. In earlier 
pe work some students may have learned this period as 28 days (more accurately, 

7.3 days). 


b) Since the moon keeps the same face“ toward the earth, an observer on the moon 
would always see the earth in the same position in the sky. From the moon, the earth 
would not appear to be revolving around the moon. 


c) Since from part (a) we found that the moon rotates on its axis about once in 4 weeks, 
this is the approximate time required for the sun to move from one ‘thigh noon’’ position 
to the next as seen from a particular point on the moon. If the moon were only rotating 
on its own axis, and not moving around the sun, then for a moon man the sun would appear 
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to move with the fixed stars. However, because the moon i8 going around the sun as well 
as rotating on its own axis, the moon must make a little more than one revolution on its 
axis in order for the sun to reappear at a ‘high noon” position. Hence the sun will appear 
to rotate around the moon a little slower than the fixed stars. (The actual rate at which 
the sun will appear to rotate around the moon is once in 29.5 days — see Answer #2 below.) 


The answer given above carries this problem about as far as 1s probably worthwhile 
for your class As this point. If you are pressed for additional details the approach given 
below may be helpful in discussions outside of class. 

j * * * 


Answer #2: 


The rotations of the earth on its axis, the earth in its orbit, the moon in its orbit 
about the earth, and the moon on its own axis are all in the same direction. Further- 
more, the rate of revolution of the moon in its orbit and its rate of rotation on its own 
exis are identical. The period of these two motions is 27.3 days. 


8) Imagine an arrow, planted extending through the moon, with its head pointing to- 
ward the earth. The head will always remain pointing toward the earth. As the moon 
turns on its axis, the angle between this arrow and an imaginary diameter of the fixed 
star sphere will change. The arrow rotates 360° relative to such a line in 27.3 days. 
Therefore, for an observer on the moon (to whom the arrow appears fixed) the diameter 
of ove fixed star sphere (and thus the sphere itself) appears to rotate with a 27.3 day 
period. 


b) The earth, however, remains fixed in the direction that the arrow points. Thus it 
neither rises nor sets for an observer on the moon. From the moon, the earth’s apparent 
rate of revolution around the moon is zero. 


c) The apparent rate of revolution of the 
fun is a more difficult problem. The 
figure shows various configurations of 


t a7 T 
e0 "s 
the earth- moon system. All motions Din earth’ s 
are counter-clockwise. Position 1 is a M, E orbit 
new moon position for an earth observer. tmo ound sun 
E 
E 
M 
M 3 


1 
In Positions 1 and 3 the moon arrows are M 
parallel. In moving from 1 to 3, the moon 
has rotated on its axis 360° relative to the 
fixed star sphere. (Position 2 is an interme- 
diate position after 180° of rotation.) Note 4 
that at Position 1, the sun is at its zenith 
for an observer on the moon who is located 
4 M ins v3 M D arrow. However, a 
osition 3, it is not yet again noon 
for this observer. Noon, does EAA 
until Position 4 is reached. 


The angle along the earth’s orbit, be- 
tween Positions 1 and 4, is 0. It can be 
seen from the diagram that 0 is also the 


, angle through which the moon moves around 8 


the earth in going from Position 3 to Posi- 
tion 4. Thus one full apparent revolution of 
the sun around the moon requires a time, T, 


= 8 
a) Tem Tm E tno i 9 


where Tm is the time required for the moon to make one revolution around the earth, and 


rr 
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tmo is the time required for the moon to move through the angle 0. The moon goes through 
an angle of 360° in the time T Hence, the time required for the moon to move through 
an angle of 0 degrees is 


due: 
(2) tme 7 360 Tm 
Similarly, the time required for the earth to move through the angle 0 is 


9 
(3) t eo 360 To : 
The diagram shows that the time required for the earth to move from Position 1 to 


Position 4 is the same as the time required for one apparent revolution of the sun around 
the moon. Hence, 


(4) Tem tee 


Equations 2 and 3 can be combined, and (from equation 4) Tam can be substituted for t o0" 


“mo _ "e0. “sm 
Tm T, To 
sm m 
(5) tno T 


The expression for tne in equation 5 can be substituted in equation 1. 


T T T T 
— é sm m m e, 27.3 X 365 _ 
rem m me im p — fe Tn 385 - 27.3 29:9 days. 


It is interesting to note that Positions 1 and 4 are both new moon phases for an earth obser- 
ver. Hence 29.5 days is the period of our lunar month. 


PROBLEM 4 The earth’s orbit around the sun is nearly circular, 
and the moon moves in a nearly circular orbit 
around the earth. The radius of the earth's orbit 
is 1.5 X 10 meters, and that of the moon's orbit 
is 4 X 10* meters. 

(a) How often is the moon between the earth 
and the sun? 

(b) How far has the moon moved around the 
sun in the interval between two successive times 
when the moon is between the earth and the sun? 

(c) Sketch the orbit of the earth going around 
the sun and on the same figure sketch the orbit of 
the moon going around the sun. 

(d) Does the moon show retrograde motion as 
seen by an observer at the sun? (Retrograde 
motion is motion like that shown in Fig. 22-2.) . 


a) Since the moon takes about 4 weeks to go around the earth, and the earth takes 52 


weeks to go around the sun, the moon revolves around the earth about 13 times in one 
year. (This can also be found from the periods for the sun and moon given in the solar 


| 4 


7 
System table on page 350. s = 3:16 X10 _ 13.4.) In these annual motions of the earth 
m 2.36 * 10 


4 
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and moon, the moon will be between the earth and sun 12 times. This can be seen from the 
diagram which shows the positions of earth, sun and moon at one month intervals for 3 


months or 1/4 of a year. It can be seen that 

during the time the earth has moved from 0 1 
to 1, the moon must make a little more than O fo 
one revolution of the earth to be between sun 3 


earth and sun. During the 1/4 year required 
for the earth to move from 0 to 3, the moon 
must make an extra quarter of à revolution 
around the earth in order again to be be- 
tween the earth and sun. Therefore, a total 
of 3 1/4 revolutions per quarter year are re- 


too) 


quired for the moon to appear between the moo; e 
earth and sun 3 times. Hence in one year as. 1 
(13 revolutions of the moon around the earth) earth rion 


the moon will be between the earth and sun 
12 times or once a month. (As seen in Answer #2 for Problem 3, a more precise answer 
is once every 29.5 days.) 


[A similar argument shows that the earth turns on its axis 367 times during leap year 
and 366 times during other years.] 


b) During one month, the moon (and earth) have moved 1/12 X circumference of the 


earth’s orbit, or 1/12 X 2m X 1.8 X 10 m a 8 X 101 m. 
29.5 „ 


(more precisely, 365 * 2 N 1. 5 K 10 m 7.6 X10 


c) In the sketch below, the earth's orbit around the sun has a radius of 2 inches. The 
ratio of ye radius of the moon’s orbit around the earth to that of the earth around the sun 
38.810 1 
is Peco 5 Rn 7 400! therefore the moon's orbit around the earth, on the same sketch, 


would have a radius of 2/400 inches. This would be less than the wi to in- 
dicate the earth's orbit. e width of the line used to in 


0 m.) 


earth's orbit 


moon's orbit 


O sun 


PX prin Thee a s are drawn showing the moon weaving back and forth across the 
„ correct, since the moon's orbit around the sun is 
e ne sun. This can be seen from the fact that the gravitational 
and moon. H th and moon is about twice as great as the force between the earth 

. Hence the moon is always accelerated toward the sun. The moon's acceler- 


5 -3 
ation toward the earth is 2.7 X 10 m/ sec?; its acceleration toward the sun is 


5.9 X 10 m/sec”. Th 
the diagram at the to of tias when the moon is between the earth and sun as shown in 
p e next page, the net acceleration of the moon is toward the sun · 
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earth earth' s orbit 
9 


Tie SR 


d) To an observer on the sun, the moon would not show retrograde (reverse) motion. 
if the moon were to show retrograde motion 


its speed ‘‘backward’’ at a point such as earth 

shown in the diagram would have to be great- ` 
er than the ‘forward’? ‘speed of the earth- gn moon ) 
moon system. The speed of the earth-moon ey te 


system in its orbit around the sun is: 


11 
27x15x10 m & 30 km/sec. 
365X8.6 X10 sec 


The speed of the moon relative to the earth is: 


8 
IG Rc Hom ~ 1 km/sec. 
27 X 8.6 X10 sec 


Since the moon and earth travel around the sun at 30km/sec, the moon’s speed of 
1km/sec around the earth is too small to cause retrograde motion. 


PROBLEM 5 In addition to planets, the solar system contains 
other “wanderers” called comets. Many comets ^ 
reappear at regular intervals, apparently becoming 5 f 
brighter and larger in a few weeks as they approach 
the earth and then becoming dimmer and smaller 
until are invisible for a period of 
What kind of orbit do you think they have? 


While all orbits are elliptical, those of the reappearing comets are long and narrow 
— highly eccentric compared to the nearly circular orbits of the planets. 


PROBLEM 6 How fast, in m?/sec, is area swept out by 
(a) the radius from sun to earth? 
(b) the radius from earth to moon? 


This is a straightforward problem related to Kepler’s second law. Using the data 
given in Problem 4: 


2 
a) Area swept out by radius from earth to sun per second = TR'/T, where T is the time 
in seconds for one complete revolution. Since the earth revolves once in 365 days 


(3.2 X 107 sec), the area swept out by earth to sun radius per second = 


sE 72 
mos — — m - 22 x 19? m?/sec. 
3.2X10 sec 


b) For the radius from the earth to the moon, the period is 27.3 days (2.4 X 10° sec). 
Thus, area swept out by earth to moon radius per second = 


8 2 
Tax m) 221 x10! m?/sec. 
2.4X10 sec 
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PROBLEM 7 Astronomers have observed that Halley's comet 
has a period of 75 years and that its smallest 
distance from the sun is 8.9 X 10˙ meters, but 
its greatest distance from the sun cannot be 

" ured because it cannot be seen. Use this 
information together with the second footnote in 
Section 22-5 to compute its greatest distance from 
thesun. (It was Newton who told Halley how to 
compute the orbit of a comet. Halley found and 
calculated the orbit and period of the comet that 
bears his name in the course of a general analysis 
he made of comets’ orbits.) 


This problem involves the orbit of a comet, and Kepler’s third law. Since we know 
R/T? is a constant, and we know T, we can compute R. R is defined as the average of 
the shortest and longest radii. Then, knowing the shortest radius, we can compute the 
longest. 

^ Lu 2 „ 

From the table for Kepler's third law (page 350), we take /T =3.4X10 m /sec. 

Since the period, T, of Halley's comet is 75 years = 2.4 X 10? sec, T = 5.8 * 19? sec * 


3 
— m 2 
and R = (4 x 101? TED! X5.8X 1018 sec ) 1/3 =2.7X 1012 m. 


sec 


Since R is defined as 2 the sum of the shortest and longest radii, 


R R 
.-max min 
R -N and ü- 2K - Rn = 2% 2.7 X 10175 - 8.9 x 102m = 5.3 x 1012m. 


10 
(The distance of closest approach, 8.9 X 10 m is negligible compared to the long radius.) 
ku 8 705 ur drawn to scale together with that of the earth, it is evidently highly elongated, 
ow. 


Halley' s comet 


36 R, 


PROBLEM 8 Three fireflies X, Y, and Z are on a moving bicycle 
at night. X is at the very center of one of the 
axles, which turns with the wheel. Y is on the 
rim of the wheel. Z is on the frame of the bike 
ae ae circumference of the rim. Draw 
use a fe descri! 
e ew words to ibe the 
(a) of X and Y as viewed by Z. F 
(b) of Y and Z as viewed Nt 
(c) of X and Z as viewed by Y. 


ne O f all three as seen by an observer standing 


3 
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This moderately difficult problem is best used for class discussion. It can be used 
to illustrate different reference frames — an example of the problems involved in relating 
heliocentrie and geocentric descriptions of the universe. 


The basic difficulty encountered in this problem may be illustrated by an example. 
Suppose we ask ‘‘what is the motion of a man sitting on a bench as viewed by a man looking 
out the window of a moving car?" Two answers could be given. A perfectly sensible 
answer is that the man is not moving at all. Even though the car moves, we can see from 
the car that the man on the bench is sitting still, hence is at rest’’. A second answer 
is that in a reference system fixed relative to the car, the man on the bench is moving 
backward at the speed of the car. Certainly the first answer is the more natural in terms 
of our experience. The motion of the car does not fool“ us. We intuitively choose to 
describe the position of the man relative to the ground. However, the second answer is 
completely satisfactory if our reference system is fixed to the car. 


The lesson is simple: to describe motion of an object, we pick a reference system 
and describe the motion relative to the reference system. In the above example there are 
two possible choices (1) a system at rest on the ground and (2) a system at rest relative 
to the car. In giving our answer we must state clearly which reference system we choose. 


The man in the car can tell us what motion the bench sitter has relative to either sys- 
tem. For that matter, so could the man on the bench! 


In Problem 8 we are given four reference systems. "We can most easily think of them 
in terms of the origin and orientation of their coordinate axes. If we assume that Z, X, 
and the circle described by Y are all in the same plane, two coordinates are enough. 


a) From Z's position on the frame of the 

bicycle, outside the wheel, X does not move, 

but spins at a fixed position in space. Y Z 

describes a circle around X, but since Z is 

in the plane of the circle, it will appear to direction of motion 

Z that Y is in simple harmonic motion. of ground relative 
to bicycle 


— 


ve 


b) From X’s point of view, spinning with Z circle centered 
the axle, it appears that Y, on the wheel at X 

rim, is at rest. Z on the frame, is ata 
fixed distance from X. Hence, as X rotates 
with the axle, Z seems to revolve around X 
in the opposite sense. 


c) From Y’s point of view on the rim, circle centered 
X will appear to be at rest, but Z moves at X 
in a circle centered at X. 
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d) For an observer standing near the bicycle, Z, on the bicycle frame, moves with 
uniform speed in a straight horizontal line. X, on the axle, also moves with uniform 
speed in a straight horizontal line, but is spinning. Y, on the wheel rim, moves in a cy- 
cloid. As the wheel rolls, Y’s horizontal velocity is zero at the instant Y’s part of the 


wheel is in contact with the ground. Thus we get: 
2 


: x 
=< curve just reaches the vertical 


at the instant when the horizontal 
velocity is zero. 


The simplest way of describing the motion of Y is to say that Y moves in a circle rela- 
tive to the axes which are fixed to the bicycle frame [part (a)]. and that these axes move 
horizontally at a constant speed without turning relative to the ground. 


PROBLEM 9 Two skaters of equal mass on a circular rink go 
around the rink in the same time. One skater is 
twice as far from the center of the rink as the 
other. Compare 

(a) the velocities of the skaters. 
(b) the centripetal forces acting on them. 
(©) What exerts the centripetal force on them? 


a) If RI - 2R,, then since v = 27R/T, and T is the same for both skaters, v1 2v». 


2 
b) F, the centripetal force, is F — ar em. Therefore, Fi = 2F, from Ri = 2Ra. We 
can also use F = E but here we must remember that both v and R are different; namely 


2 
Ri - 2R2 and Vic 2v, lo. f. part (a)]. Therefore Fi - Zr, = 2F,, which is the same. 


. €) The centripetal force is exerted on the skates by the floor (or ice). If the floor is 
level and hard (as in a roller skating rink with a level surface) a frictional force is exerted. 
If the rink 1s soft (e.g., an ice rink, where the skate pushes a short distance into the ice), 
or if the floor of the rink is inclined (‘‘banked”’ on the turns), the centripetal force is 
exerted by the reaction force of the floor on the skates. 


PROBLEM 10 At hie bo: n above the earth's surface will a 
rocket have half the force of it i i 
would have at sea leve F 
2 
Since the gravitational force varies as 1/R , the force will be smaller by a factor of 


2 
2 when 1/R" is smaller by a factor of 2 than VR. where R, = the radius of the earth. 


1 1 
Hence, nt = r and R VZXR.. I R. 6.4 X 106 m, NR = 9.0 106 m The 
e s 
e 
height above sea E at which the force of gravity would be reduced by one-half is thus 
R- R, = 2.6 X10 m, or about 1600 miles. 
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PROBLEM 11 (a) At what height will a satellite moving in the 
plane of the equator stay over one place on the 
equator of the earth? One way to get the answer 
is to compare this satellite with the moon, which 
is at 59.5 earth radii from the center of the earth 
and takes 27 days to go around the earth. 

(b) How fast is the satellite accelerating toward 
the earth? 

(c) Using the inverse-square law and g at the 
surface of the earth, find the gravitational field 
at the height of the satellite. Compare with your 
answer to (b). 


is the same as that of the earth, very nearly one day (actually 365/366 days). 


The radius of the satellite's orbit can be found from Kepler's third law and the know- 
ledge that the moon is 59.5 earth radii from the center of the earth and revolves once every 
27 (27.3) days. Let Rs and Rn be the radii of the satellite and moon orbits, and ar and 


LR be their periods. 


4 a) The satellite will be stationary relative to a point on the earth if its period, T, 


3 .3 
22 
3 ,2N 1/3 
RÈT 3.44142] 1/3 
R, z us 8 : LE earth radii) X (1day) l = 6.6 earth radii. 
ma | (27 days) 
Since the radius of the earth is 6.4 X 109 m, R, = 6.6 X 6.4 10°m= 4.2x10/ m. The 


height of the satellite above the earth's surface will be 4.2 X 107 m -~ 6.4% 10°m = 


3.6 X10 m, or about 22,000 miles. 
b) The satellite is accelerating toward the earth with an acceleration: 


2 2 7 
27 4XT X42X10m . 2 
„(T) A- xax m, 5 = 9.22 m/sec", 


(1 X 24 X 60 X 60)" sec 
c) The force due to gravity, and thus the acceleration due to gravity, 1s proportional 


to 1/ R. Thus the acceleration, g, at the height of the satellite and g at the earth’ s sur- 
face are related as follows: 


Es Z. se „ 2 


E Rs Re 
i 2 
2 


g R AX 6 2 
g. e 2 2 9.8 m Bec" eae = 0.23 m/sec“. 


4.2X10'm 


Thus, we see in part (b) that the acceleration can be found from R and T without using 
an inverse square law of force, and in part (c) that it can be found from g at the earth’s 
surface using the inverse square law. These are the two methods Newton used in calcu- 
lating the acceleration of the moon (see text pages 354-356). 
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A satellite circles the earth once every 98 minutes 
PROBLEM ata mean altitude of 500 km. 8 the mass 
of the earth. The masses of planets are actually 
calculated from satellite motions, and one reason 
for establishing artificial earth satellites is to get a 

better value for the mass of the earth. 

As stated in Section 22-10, 


m: 
G = 0.667 X 107? ——— 
3 kg-sec? 


Kepler’ s third law states that R?/ T? is a constant for all satellite motion, but does 
not specify the nature of the constant. 


Using the law of universal gravitation, we may equate the centripetal force with the 
gravitational force on the satellite (if the orbit is stable). Thus, if we designate the mass 


of the satellite by m, and that of the earth by m 7 


2 
mA Rs 2 mate 
z 2 
Ts R, 
47? R? 
2 mes - 2 . 
GT? 


Substituting, R = 6.37 X 109m + 5.00 x 109m = 6.87 X 106 m, and 


T = 98 X 60 sec = 5.88 X 10° sec. 


2 6 3 
r 4n” x (6.87 X 
m= z 10 = 5.5 X 1074 kg. 


0.667 x 19 19 m 5 X (5.88 x 10? seo)” 


kg-sec 


just above the surface of a planet whose average 
density is p, show that pT? is a universal constant. 
(b) What is the value of the constant? 


a) As in Problem 12, we may write: 


) PROBLEM 13 (a) If T is the period of a satellite circling around 


m ATR m m, 
n aw dogs and 
T: R 
92 8 R= 
P or? 
ERY Ry the radius of the planet, we may write: 
aR? 
c 
P ar? 


BE ER) 
But mor Ro , where p= the density. Thus, 
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Solving for pr , we get: 
pris, 
which is a universal constant since G is a constant. 


b) Evaluating, p T! = — 2 = 1.41 X 19 kg-sec?/ m. 
. 0.667 X10 ^ m'/kg-sec 


PROBLEM 14 Compute the periods of a satellite in an orbit close 
to the surface of 
(8) the earth. 
(b) the sun. 


This problem follows easily after Problem 13, but it can also be done directly. 


From Problem 13, we know that pT” is a universal constant for a satellite moving 
close to the surface of any body. Hence, 


ALT? = pst 1.41 x 10 kg-sec?/m’, 
11 2, 9N 1/2 
Since p, = 5.5 X 10 kg/m?, T, = ( 14X10 kg-sec /m = 5.1X 10° sec = 85 min. 
zi M 5.5 X 10" kg/m ga 


u 27,8 1/2 
Taking p, «1.4 X 10 kg/m", T, = (aa sec /m ) 410* sec x 167 min. 


1.4 10° kg/m? 
Working directly, the centripetal acceleration at the earth's surface is 9.8 m/ sec? = 


2. 
SER R. = 6.4 X 106 m, therefore: 


T 
2 $ 
T= y SASS AIO | on x 0,81 x 10° = sa xa? sec. 


Now in general, 
E s02 
= 2. 
R 


8 
Therefore, Ta R/ m. The sun's radius jg 10X10 m =1.1 X 102 times that of the earth. 


6.4X10 m 
x 920 1 6 
The sun's mass is 2.0 X 10 = 3% 10" times that of the earth. Consequently the period 
6.4 * 10 m 3 


6 
2 E & 2 times its period at the 


of the satellite’s motion at the sun's surface is 
1/3 X 10 


earth's surface, i.e., 104 sec. 
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PROBLEM 15 Find the weight of a 100-kg man on planets with 
the following masses and radii. 


Lp 

Mars 6.4 x 108 kg 3.4.x 10'm 

Earth — 60x10*kg 6.4 * 10 m 

Jupiter — 19 & 10% g 7. X 10 m 
Since the weight is simply the force of gravity on the 100 kg man, using 

Gm m 
1 ae ale 
R 
p 


by substituting the appropriate masses and radii for each of the three planets, we find 
the 100-kg man weighs 360 newtons on Mars, 980 newtons on Earth, and 2400 newtons on 


Jupiter. / 
PROBLEM 16 A 70-kg boy stands 1 meter away from a 60-kg 


girl. Calculate the force of attraction (gravi- 
tational) between them. 


2 
667 x 19719 BEM x 60 kg x 70 kg 


F= 
1m 


T newtons. 


F -2.8X107 
This force of attraction is only a small fraction of the girl’ s weight (F/W = 4.8 X 10 10% 
Obviously, it must be something other than gravity which attracts boys and girls! F 


PROBLEM 17 Find the gravitational attraction of the two atoms $ 
in a hydrogen molecule. i " 


This easy problem, involving the law of iirktae. vitation, is intended to show the 
smallness of gravitational forces on an atomic scale. a f j 3 


While most students will probably remember that the mass of a hydrogen atom was 


found in Chapter 8 (1.67 x 19 27 — nee g 
. . y try 

MUR a value for R, the spacing between the two atoms in à hydrogen — lerne. Those 

an atom 1 Pana may recall from Chapter 7, Section 13 that the linear dimension of 

fe about twice as jo et eme, and from Chapter 8, Section 4 that the hydrogen molecule — 

are about 1 pv esi itis wide. From this they could infer that the centers of the atom 

nid to dp rom apart. In assigning this problem, you may wish to tell students tb 
"pacing are in Chapter 7 and 8, or you may simply want to give them the num- 

i i : E 


ber, R & 10 10 m. ae 


aa - 1 3 t tt: 


p = 867x107 x (1.67 x10212 m 
. * 1.9 X10 ~~ newtons. 


401002 TIS _newtons. 
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By comparison, the electric force between & proton and an electron in a hydrogen 


atom is about 10 8 nt, about 1098 times larger! Gravitational forces are completely neg- 
ligible in atomic problems. 


PROBLEM 18 (a) If a planet of twice the diameter of the earth 
has a mass six times as great, how does the gravi- 
tational field af its surface compare with the 
gravitational field at the surface of the earth? 

VQ i e demde of tho tyo planen 


This problem concerns the mass and distance dependence of the gravitation law. It 
provides practice in more abstract reasoning (1.e., an algebraic rather than numerical 
problem), and gives practice in scaling. 


a) Let us take a test mass, m, at the surface of both the earth and the larger planet. 
Let M and R be the mass and radius of the earth. 
, GmM a x 
On earth, Fa, wm n 


N 
8 ôM, $. 
On the planet, F = = SEM 1.8 7. 
a 5 
The gravitational field on the planet is 1.5 times greater than on the earth. 


b) Since density - Aeg. and volume 1s proportional to R°, the density of the planet ts 


volume 
6/2° or 3/4 that of the earth. 
PROBLEM 19 ^ The earth is acted upon by the gravitational at- 


traction of the sun, —Ó— kaa 
into the sun? Be prepared to discuss your answer, 


This problem is intended primarily for class discussion to help clarify students’ 
thoughts about planetary motion. 


The class should understand that the earth is falling freely toward the sun. If it 
started from rest, it would fall on a straight line into the sun. The actual situation may 
be appreciated by thinking of the problem of bombing a target from a plane. The bomb 
is not released directly over the target. if it were, it would overshoot the mark, The 
faster the plane, the greater the overshot. An orbit results when the speed is within a 
range such that: 

1. The speed is great enough that the overshot causes the bomb to miss the earth. 
2. The speed is not great enough for the bomb to escape completely from the earth's 
gravitational field. 


In the same manner, the earth does not fall into the sun simply because it is in a stable 
orbit; it has a tangential velocity such that it ‘‘misses’’ the sun as it falla toward the gun. 
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PROBLEM 20 (a) What is the speed of the moon around the sun 
compared to that of the earth around the sun? 
(b) If the earth could be removed suddenly 
without disturbing the motion of the moon, what 
would be the subsequent path of the moon? 
(c) Calculate the ratio of the force of attraction 
by the sun on the moon to the force ex- 
erted by the earth on the moon. 
(d) Why does the sun not capture the moon, 
taking it away from the earth? 

This is a difficult problem for students to work through with any degree of rigor. The 
major point to bring out is that both earth and moon are attracted to the sun. (The earth 
and moon revolve about their common mass center which in turn goes about the sun. The 
center of mass of the earth-moon system is about 5/6 of the radius of the earth from the 
center of the earth.) 


a) In a year, both the earth and the moon complete one trip around the sun. Their 
speeds around the sun are the same. 


b) From Kepler" s third law we know that, for all objects moving in a stable orbit around 


the sun, the value of R/T? will be a constant, independent of the ob ' masses. Thus, 
since R and T are the same for both moon and system of the two together), 


the present orbit would be an equilibrium orbit for either moon or earth alone as well as 
the two together. 


Some students may point out that the moon's orbit around the sun would be dependent 
upon the exact point in the moon's orbit around the earth at which the earth “disappeared”. 
This is because of small variations in the speed and direction of the moon’s motion around 
the sun. At some points in the moon’s orbit around the earth, the moon is moving faster 
than the earth in the moon-earth motion around the sun, at other points slower. The curva- 
ture of the moon’s path around the sun also varies slightly with different positions of the 
moon relative to the earth and sun. However, compared to the moon-earth motion around 
the sun, the moon’ s motion around the earth is inconsequential. The speed of the earth- 

27 X 1.5 X 10 m 
moon system around the sun is 57 

365 X 8.6 X 10 sec 

8 
around the earth 1s 2a * 3.8 X10 m 

27 X 8.6 X 10 sec 

Sun is 30 times greater than its speed around the earth. Annihilating the e. would not 
substantially change the length of a year for a moon resident! Ux ie 


?) There are two alternatives: 


-3X 10* m/sec, The speed of the moon 


- 10? m/sec. Hence the moon's Speed around the 


(1) We can write 2 
m R 
Bun on moon = SUN y moon ~ 
earth on moon earth oa sum 
Or, (2), we can write the force between the moon and sun, F., as: 
ma : 
pe. 
1 4m Mrs ms d 
ms T 
ms 
2. 
i 4n Mime 
me T 
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Therefore, 
Fine” T $ Rine 3.8X10 m n 
ms 

d) The sun exerts forces on both the moon and the earth. If we could maintain the sun’s 
attraction for earth and moon, but turn off’’ the attraction of the earth and moon for each 
other, they would both continue to orbit around the sun at the same radius and at the same 
Speed. Wnen we add the attraction between the earth and the moon, unless they go about 
each other they would fall together. Thus we see there is no capture even without an 
attraction between moon and earth. This equation is sometimes put in a slightly different 
form, ‘‘When the moon is toward the sun from the earth, why doesn't the sun steal the 
moon?’’ A good answer is, It already has it. 


$ 2 
Fins Pms | Tme | eee 0 «22 


PROBLEM 21 Assume the earth is perfectly round and has a 
radius of 6400 km. 
(a) How much less does a man with a mass of 
100 kg apparently weigh at the equator than at the 
poles because of the rotation of the earth? 
(b) How fast would the earth have to spin in 
order that he would exert no force on a scale at 
the equator? 
(c) How many times larger is the speed of 
rotation in (b) than the actual speed? 
This is a moderately hard problem aimed at understanding the consequences ofthe , 
earth’s spin. We are asked about the apparent weight of a man — the reading of a scale 
on which he weighs himself. 


8) Suppose a man stands on a scale, first at the pole, then at the equator. 


At the pole, the man will turn with the earth, once each 24 hours, but the rotation of 
the man does not result in an acceleration toward the center of the earth. He is in static 
equilibrium. The force of the scale upward, F e balances the force of gravity, F , down- 


ward, giving F, = Fe. The gravitational force, F „= mg = 100 kg X 9.8 newtons/kg = 980 nt. 


The scale will read 980 newtons. 
Now let us look from the North Pole at the man on the scale at the equator. The forces 
acting on the man are Fp the force of North Pole 


gravity toward the earth’s center, and 
F sg the force exerted by the scale away 


from the earth's center. But in this 
case, Fe > Fs · This is because the man, 


moving in uniform circular motion, is 

accelerating toward the earth's center. 

The force required to produce this 

acceleration is supplied by the gravita- 

tional force Fy Xf this force, F g were X 


not opposed by the force of the scale, it would result in an acceleration of 9.8 m/sec’, 
2 
AT A 


But it is opposed by the scale, limiting the acceleration to Thus the force of the 


Scale upward, Fy which is opposed to Fe downward, must be such as to Jets in the net 
422 E 


force downward being of a magnitude that wi result in an acceleration of The force 


mA R 
2 


that will produce this acceleration is Hence: 


6 
F. F * Ar Rm _ . R. 3.4 newtons. 
8 3 E > Ioer 


24 X 60* sec 


The man's apparent we: at the equator, as read by the scale, would be 3.4 newtons 
less than the 980 newtons d at the pole. This would be a ‘‘loss’’ of .35%. 


b) If a man were to exert no force on a scale at the equator, it would be necessary that 


42 


2 
E g. Then, v? - Rg - 6.4 x 10° 


m * 9.8 m/sec”, and v = 7.9 X 10? m/sec. 
The period, T', required for thís speed would be: 
27R _ 27 X 6.4 X 109 m 


r=- = 6.1 x 10° sec = 1.4 hours. 
Y 7.9 10° m/sec 


€) The speed found in part (b) and the actual speed will be inversely proportional to the 
respective periods: 


rend mE te 
actual» ep 2:15, 7m 
PROBLEM 22 The two stars of a double star, far away from 


other large masses, revolve in circular orbits, al- 
wa! ing the same distance . Sketch 
bo cene apart. 


(c) What is the ratio of the radii of the two 
orbits in each case? 


This moderately hard problem helps start students to think about the center of mass 
of the subjecta of the next chapter. It also illustrates that when a pair of bodies 
revolve about each other, both actually move. Thus although we often say the moon goes 


about i earth once a month, actually both revolve about their common mass center once 
& month. 


For this problem, it is important to note that the two stars always remain the same 
distance apart. This means that wherever their center of rotation may be, it must be the 
same for the rotation of each, and their periods of rotation must be the same. Now, we 
know in general that the force of attraction of star 1 for star 2 is equal to the force of 
attraction of star 2 for star 1, and it is 


the cause of thi h 
1 cause of the centripetal acceleration of eac 
4z^R 45 
e eee ia 
T T 
ES, Bs 
mj R sese 
hj 
a) If the stars have equal masses, the cen- 25 EN 
ter about which they revolve is half-way be- f Y 
. tween. Their paths are circles, about the 2 : 
mass center. Since they are equally distant O . 
from the mass center, both circles have the \ coutar / 
same radius. * / 
4 
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b) If one star has twice the mass of the POETS path of less 
other star, the less massive star is twice 7 UN massive star 
as far from the center of rotation as the 77 t Tr A ; 
more massive. mass 

l +1 Ò 
Y < center / 
\ ip Eg 7 
* om path of more 
ha 2 WA massive star 


——— 


c) The ratio of the radii of the two orbits in the case of stars of equal mass is 1/1. 
In the case of stars whose mass ratio is 2/1, the ratio of the radii is 1/2. The ratio of 
the masses is the inverse of the ratio of the radii. 


PROBLEM 23 Assume that the gravitational attraction exerted 
dy m, on m, in Fig. 22-19 is not influenced by the 
presence of , and the attraction of m, on m, is 

not chan the of mi. 

(a) Ue uh dene of gravitation, show 
that the force of attraction exerted on m, by the 
single “body” made of m, and m, together’ is 
proportional to its mass. 

(b) If m, and m, were far apart compared to 
their distance from m,, would they act like a single 
body? 


22-19. For Problem 23. 


a) Call Fi on 3 the force of mass 1 on mass 3, and F, on 3 ‘Be force of mass 2 on mass 


3. Ifthe masses are close together, as shown in Figure 22-19, R is the same for both 
forces. The magnitudes of these separate forces will be given by: 


; Maine ss 3 
1 on 3 R2 


F. — . 
2 on 3 R 


If masses 1 and 2 are close together compared to the distance R, Fi on 3 and Fy 88 
are in essentially the same direction and their vector sum is equal to their arithmetical 
sum. Hence, 

Gm,m, 5 Gm,m, ie G (m, * m,) m. 


Fi.2on3^T10n3* 2 08 p? xd A 


Thus, if m, and m, are close together, the force on m. is equivalent to the force resulting 
from a single body of mass m, + m. 


b) If m, and m, were far apart compared to R, their distances from ma, they will not 


act as a single body equivalent to m, * m, at a distance R. This can be seen from a vector 


2F 


diagram. Suppose we assume m, = 2m,, then Fa on 4 21 on 3° 
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F m, FI on 3 


17 2 on 3 
Fi oi F 
on 3 | R 2 on 3 | 
(1) m, and m, close compared to R. 


(2) m, and m, far apart compared to R. 


Clearly the magnitude of FI . 2 on 3 in Figure (2) above is not as great as in Figure 
(1). Hence when m, and m, are far apart they do not act as a single body equivalent to 
m, * m, at a distance R. 


= 
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Chapter 23 — Momentum and the Conservation of Momentum 
CHAPTER SUMMARY 


Chapter 23 introduces the concept of momentum and shows that the total momentum 
of an isolated system remains constant. Aside from the practical utility of momen- 
tum conservation as a tool in solving specific problems of mechanics, this idea takes its 
place among the conservation laws as one more entity that remains constant despite the 
whirling and dancing of submicroscopic particles and the often complicated motions and 
interactions of bulk matter — one of the fixed intellectual vantage points from which man 
organizes his attack on the problems of extending his control of the physical world. 


Sections 1 and 2 introduce the idea of momentum through analyzing Newton's law in the 
form of FAt = mAY. In this form, Newton's law indicates that the quantity of motion is 

measured either by impulse, FAt, or momentum, m. By itself, the concept of im- 

pulse is not particularly important except as it leads to the definition of momentum. 


Sections 3 and 4. Section 3 discusses in detail the momenta of two interacting bodies. 
This discussion leads to the law of momentum conservation in Section 4: for an isolated 
two-body system, the total momentum never changes, i.e., momentum is conserved. 
These two sections present the central ideas of the chapter. 


Section 5 is an application of momentum conservation to rocket motion. Naturally, this 
subject will be of great interest to many students. It is, however, not vital to the sequence 
of ideas in the course. 


Section 6, by considering the location and behavior of the center of mass, clarifies the 
application of Newton's law to extended rather than point objects. However, in the logic 
of this course, the idea of center of mass may be lightly treated with no great loss in 
understanding the topics that follow. 

Section 7 extends the conservation of momentum from two bodies to any number of inter- 
acting bodies. It is important that students know that momentum conservation applies 

to systems of more than two objects. However, little further argument is required if 
they have really understood Section 4. 

Section 8 discusses Newton's third law: If B exerts a force F on A, then A must exert a 
force -F on B. In the development of this course, this law follows easily from momem- 
tum conservation. 


SCHEDULING CHAPTER 23 

The following table suggests possible schedules for this chapter, consistent with the 
Schedules outlined in the summary section for Part III. Sections which are enclosed with 
brackets [] can be deemphasized or skipped in class discussion without loss in continuity. 
Even though these sections may be deemphasized in class, they Should be assigned for 
home reading. 
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15-week schedule 9-week schedule 
for Part III for Part III 
Lab 
Period 


* This laboratory work can be scheduled at this point or later in the chapter. 
** Treat either Section 5 or 6. 


RELATED MATERIALS FOR CHAPTER 23 


Laboratory. Experiment III-8, Momentum Changes in an Explosion, can be used, 
prior to class discussion, as an introduction to the concept of momentum changes in 


two-body systems, or can be done right after the first class work on Section 3. 


Experiment III-9, The Cart and the Brick, shows that momentum in conserved in a 
two-body collision even when the initial momentum is not zero. The experiment can be 
done during or after Section 4. 


Experiment III-10, A Collision in Two Dimensions, emphasizes the vector nature of 
momentum conservation and that it is the vector sum of the individual momenta that is 
conserved. This experiment can be done during or after Section 4, or can be saved to 


serve as a base for summarizing your work on momentum and as a lead toward the con- 
servation of energy. 


Home, Desk and Lab. Even if you do not emphasize the content of Sections 5 through 
8 in your classwork, the problems for these sections may be assigned. The techniques 
developed in Sections 1 through 4 plus the vocabulary of later sections are sufficient. 


Problems 11 and 12 constitute a pair which illustrates that, in some cases, either 
conservation of momentum or F - ma may be equally well applied. 
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Section 1 — Impulse 
Section 2— Momentum 


PURPOSE To introduce the idea of impulse and use it to define momentum; to show that 
momentum is a dynamical, as distinguished from a kinematical, quantity. 


CONTENT a. The product Fat is defined as the impulse. 

b. Impulse is a vector. 

c. It is often possible to measure the product Fat even though we know neither F 
nor At separately. 

d. Since the impulse, FAt, is measured by a change in the quantity mv, it is convenient 
to treat mY as a specific concept, D, the momentum. 

e. Momentum is a vector. 

f. Force is equal to the rate of change of the momentum F = Ap/ At. 


EMPHASIS Momentum is an extremely important physical tool. It will not be wise, how- 
ever, to dwell too long on these sections before covering Section 3. The usefulness of 
the idea of momentum begins to become apparent in Section 3, so it is best to go ahead 
through that material and then return to these sections if necessary. 
LABORATORY Experiment III-8, Momentum Changes in an Explosion, Should be per- 
formed as soon as students have been exposed to the concepts of momentum and impulse. 
DEVELOPMENT 1) In introducing the concept of impulse and showing that the impulse 
gives rise to a change in mv, i.e., 

FAt = mAT, 
students should be reminded that they are dealing with nothing new. Refer them to 


Sections 20-8 through 20-10. Impulse = change in momentum is simply a statement of 
Newton’s law. F = ma is the form which applies to infinitesimal time intervals, FAt=mA¥ 
applies to finite increments of time and velocity. You can emphasize this by asking for 
an acceleration. For instance Problem 5 of HDL might be asked: 
A skier is moving at 10 m/sec and is stopped in 1.5 seconds. What is his average 
acceleration? (10/1.5 = 6.6 m/sec?.) If the skier has a mass of 75 kg what aver- 
age force was exerted on him? (F = ma= 75 * 1.0/1.5 = 5.00 newtons.) What 
impulse did this force provide? (Impulse = FAt = 500 X 1.5 = 750 newton-sec.) 


But the impulse can be found directly, since mAv = 75 X10 = 750 newton-sec or 
kg-m/sec. Thus, saying impulse = change of mv’? is just a new way of looking at 


F = ma- a simpler way for certain applications. 


2) Perhaps some practice on this point will be helpful. You could give the students 
three of the four quantities, F, At, m, and AV; and ask for å so that they use either 


i= A or a= f ; finally ask for the fourth quantity. Make your questions simple numeri- 


cally and tabulate the four values and the two products Fat and mv. 


For example, suppose you want to give a 1-kg object a speed of 12 m/sec in 3 seconds. 
What uniform acceleration and what force could do this? 


a - 12 = am/sec" 
F-1X4-4newtons 


mAv = 12 kg m/sec; 
FAt = 4X3=12 newton-seconds. 


What would the corresponding answers be if you were to reach this speed 


in 1 second? a=12 m/sec” F = 12nt 
in 2 seconds? a=6 m/sec” F = 6nt 
in 4 seconds? a=3 m/sec” F = 3nt 
in 6 seconds? a=2 m/sec” F = 2nt 
in 12 seconds? a=1 m/sec” F-1pnt. 


Of course, mAv has remained at 12 kg-m/sec; but notice that Fat has also remained at 
12ntsec. After you have given this rapid set of values, you can ask for the force directly. 
What force is needed if t= 1/2 sec? (24nt.) What force is needed if t = 20 sec? (0.6nt.) 


You can easily make up similar problems. Keep the pattern of asking for 4 for a few 
changes in conditions, so that the numerical value of FAt or mAY is clear; then ask for 
the unknown without bothering with . 


3) Once students appreciate that ma determines FAt, and vice versa, you might ask 
them whether (in practice!) the individual values of F and At (or m and A) make any 
difference. For example, return to Problem 5 in which the 75-kg skier moving at 10 m/sec 
was stopped in a snow bank in 1.5 sec. Since the impulse needed to stop the skier was 
750 newton-sec, 500 newtons were exerted by the snow bank. Would it make any difference 
in the impulse if the snow bank were denser and stopped the skier in 1/2 second? (No) 
Would it make any difference to the skier? (Yes! The force would be much greater, 
possibly enough to break a bone.) 


4) Be sure to discuss at least one situation like that in Problem 7 where the impulse is 
provided by a relatively small force acting for a long time. Students should not get the 
idea that an impulse has to be a sharp blow. 


5) Classroom work should emphasize both the magnitude and the vector nature of mo- 
mentum. For example, a 2-ton car moving 30 mph north does not have the same momen- 
tum as a 1-ton car moving 60 mph south. 


You may wish to introduce changes in momentum even at this Stage. Thus, a 1 1/2-ton 
car going north at 40 mph Suddenly turns and goes west at 40 mph. What is its change in 
momentum? If the tires squeal a bit, that’s fine. It emphasizes that forces must act to 
change the momentum of an object. 


The above example may be made quan- (final) - (initial) 
titative if given in metric units. A 1500-kg - momentum 
car going 20 m/sec for instance. What im- E 4 
pulse is necessary to change its direction 5 
from north to west? The necessary impulse 9 


1 4 
is 3/2 X 10 kg-m/sec or nt-sec directed 
Southwest. 


initial 
momentum 


3x 10*kg-m/sec 


final momentum 
3 x 10* kg-m/sec 


we did not specify the direction 
: g change in velocity. 
you emphasized the graphical interpretation of distance and s 
x A ed when you covered 
Chapter 5, your students may get additional insight into the additive effect of cpm impulses 


of the force, we would not know the direction of the resultin 
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if you review the graphical material briefly. The graphical presentation of impulse as 
the area under an F vs t graph need not be stressed merely to enable the students to do 
calculations involving impulse. In fact, the importance of the concept of impulse is that, 
although we may know neither F nor At, we do have a real experimental handle on the 
product, namely the change in momentum of an object. (Note that we measure ma and 
infer FAt only if we want it.) Hence, the graphical presentation of impulse is not of 
prime importance. Furthermore, most students will not understand how to picture graph- 
ically the total impulse produced by a force which changes direction. (It is not worth the 
time to introduce the idea of graphing separately the three components, x, y, and z, of 


the forces.) 
* * * 


Beyond the recognition that momentum is my, students should see that any two objects 
which have the same momentum, no matter how it was acquired, have a common property. 
Their common property is that both could be stopped by the same impulse, FAt. Students 
Should see that it is the product m X Y that 18 important. Any given momentum can be 
produced by an infinite number of combinations of masses and velocities. All the combin- 
ations resulting in the same momentum have a common property. They can all be stopped 
by the same impulse, Fat. 

Although two objects might have equal velocities, there 18 no simple relation between 
their velocities and the impulses needed to stop them; the impulse would depend on their 
masses. 

(Although it should not be taken up now, later chapters will show that kinetic energy 
is another dynamic property; two objects with equal kinetic energies can be stopped by 
the same amount of work FAx.) 

* * * 


The unit used for impulse serves equally well for momentum. That the unit is not 
given a special name, and that it can be made of two obvious combinations of more familiar 
units, may bother some students. When one uses Pat to calculate impulse or momentum, 
it is most convenient to use the unit, newton-sec. On the other hand, if mA? is used, the 
simplest way to express the unit i8 kg-m/sec. These two ways of writing the unit are 
identical; 1 newton-sec = 1 kg-m/sec. This is clearly true because 1 newton = 1 kg-m/ sec? 
CAUTION Students must have a firm idea of the definition of momentum, that it is a 
vector, and that momenta are changed by impulses — forces acting for atime. However, 
at this stage of the chapter they are only learning definitions without the motivation of 


new physics. Do not delay too long over these new expressions of old ideas. Get them 
only firmly enough in hand to go on to the next two sections which are the meat of the 


chapter. 


2. A golf ball of mass 100 grams is struck by a club. After the impact the ball moves 
off with a speed of 50 m/sec. If the ball and club were in contact for 5 X 107" sec, what 
was the average force acting on the ball? (1000 newtons.) 


3. Two forces act on a 10 kg-mass which is initially at rest. First the body is subjected 
to a 20 newton force for 3 seconds which acts in a northward direction. One second after 
the first force is applied the body is subjected to a force of 30 newtons which acts in an 


eastward direction for two seconds. 
(a) What is the northward component of the impulse? (60 newton- sec.) 
(b) What is the eastward component of the impulse? (60 newton-sec.) 
(c) What is the final momentum of the body? (60 VZ kg-m/sec, northeast.) 
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d) If the eastward force had been applied initially at the same instant as the 
6 northward force, instead of a second later, what would be the final momentum 
of the body? (same as (c).) 
4. A 2-kg ball moving with an initial speed of 3 m/sec to the right is acted upon by a 
constant force F to the left for a period of 3 seconds. After the interaction, the ball is 
moving to the left with a speed of 6m/sec. What is the magnitude of F? (6 newtons.) 


5. A body is subjected to a varying force which increases linearly with time from 
zero to 10 newtons in 0.1 sec, remains constant at 10 newtons for 0.5 sec, and then de- 
creases linearly to zero in 0.2 sec. What is the total impulse? If the body has a mass of 
3kg and was initially at rest, what is its final speed? (6.5 newton-sec; 2.17 m/sec.) 


Section 3— Changes in Momentum when Two Bodies Interact 
Section 4 — The Law of Conservation of Momentum 


PURPOSE To present the law of conservation of momentum and to develop some idea of 
its usefulness. 


CONTENT a. When two objects “‘explode’’ apart from rest, their momenta are equal 
and opposite in direction. 


b. In a head-on collision of two equal masses the momentum of one is transferred 
completely to the other. 


c. Ina glancing collision the change in momentum of one object is equal and opposite 
in direction to the change in momentum of the other. 


d. A new way to state all the above results is that the total momentum of the two bodies 
is the same before and after the collision. 


e. This law is tested for cases of greater generality. 


EMPHASIS These sections contain the central ideas of this chapter. If they are under- 

stood thoroughly your job is almost done. The following sections are merely special 

cases or simple generalizations of the law of conservation of momentum. Allow at least 

5 I periods, and more if necessary, for the presentation of the material of these 
ctions 


LABORATORY Experiment IH-9, The Cart and the Brick, can be performed at any time 
from here on in the course of this chapter. : 


COMMENT It is important to understand that, as presented in this course, momentum 
conservation is an empirically established law and cannot be proven or derived by any 
Set of logical arguments. While a proof can be based on Newton’s third law, the text 
establishes the conservation of momentum on purely empirical grounds, and then deduces 
Newton's third law* (in Section 8). This approach is especially appropriate in leading 
toward the observation and use of momentum conservation in analyzing collisions between 
atomic particles where little or nothing is known about the forces of interaction. 
DEVELOPMENT The development of the content of these sections can be handled in 
three steps: 


1) Discussion of observed changes in momenta of two explodin 
or colliding bodies and development of the idea of en 
of momentum. 


2) Practice in applying and understanding the law of conservation 
of momentum. 


. POS 
* In an interaction between two bodies, the forces are equal and opposite 
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3) Introduction of the idea of an 1solated system. This last point 
is not discussed explicitly in the text but should be developed in 
class. Suggestions along this line are given near the end of this 
Section of the guide. 


1) In order to stress the fact that momentum conservation is a law which is based 
directly upon experimental observations, it is useful to focus student's attention on the 
direct evidence given in the text, Figure 23-7. Even though this figure 1s analyzed in 
the text, it deserves the additional emphasis of a class discussion to make sure they 
properly interpret the experiment. 


Students can analyze the motion of each disc during ten time intervals (or 2 seconds). 
The large disc traveled 20.0 cm; the small disc traveled 41.2cm. Ask the students for 
these distances. 


There are two qualitative features of Figure 23-7 which may not be understood by a 
few students: 


a. The pattern formed by the small disc looks odd becuase it happened to travel almos 
exactly one half its diameter in each interval between flashes. 


b. The motion during the ‘‘first’’ time interval is less than in the others because the 
explosion occurred about midway between two flashes. 


Here are two questions which you might ask students about Figure 23-7 to make sure 
they are ‘‘seeing’’ the figure properly: 


a. Estimate when the explosion occurred relative to the flashes. 


Students who estimate this by looking at the positions of the 
small disc will easily see that the explosion came about half- 
way between flashes. However, some students who look at the 
positions of the large dise may think the explosion occurred just 
a bit before a flash. This common error is based on the fact 
that the dark space between the first two positions of the large 
disc appears so small. Ask students to explain this; you can 
point out that the large disc moved not only through this dark 
space, but also through a distance equal to the width of the 
white rim. 

b. Using only the velocity given in the text, find the size of 
the small disc. 

This can be done easily and quickly if the students use the 
fact that the small disc happened to move a diameter in two 


flashes. Since v = 0.206 m/sec and since two flashes correspond 

to 2/5 sec, the distance traveled in two flashes or the diameter 

is 2/5 sec X 20.6 cm/sec = 8:15cm. 
After a brief preliminary discussion such as the above, the parallelism between Figures 
23-7 and 23-5 can be pointed out and the actual momentum changes discussed. An alter- 
nate class discussion might be based on student data from Experiment III-8, Momentum 
Changes in an Explosion. 

It will be wise to also go over the analysis of momentum changes in Figures 23-9 and 
23-11, or, alternatively, discuss HDL Problem 16. 

After discussing momentum changes in these situations, and developing the law of 
conservation of momentum, you can return to each example and analyze it from the con- 
servation point of view. Of course, you will only be repeating your previous work but 
you will be looking at each interaction as a whole from the standpoint of momentum rather 
than at the individual momenta. 


23-8 
2) The next step is practice. Although it is rather easy for students to learn how to 
use momentum conservation, you should give them a few simple examples similar to 
those described in the text or problems such as HDL 9 through 19. Initially, use simple 
numerical values and ask for numerical answers. Such use of momentum conservation 
will not be a challenge to some students, but there is no point to trying to discuss the 
more subtle questions with the class, until they have mastered the straightforward appli- 


cation of momentum conservation. 


3) The final step in understanding momentum conservation 1s to understand when two 
bodies may be considered to be a complete system, isolated from external forces. 


There are two fundamental bases of student understanding of momentum conservation. 
The most obvious and most important is the idea that when only two objects interact, the 
total momentum of the two does not change. This is extremely general and does not de- 
pend on the interaction; the interaction can be simple or complex, it can be caused by 
chemical explosion, elastic forces, muscular pushes, etc. As long as only two objects 
are involved, momentum is conserved. This aspect has been treated up to this point. 
The second aspect is more subtle. It involves the question of when tow objects are in- 
‘deed isolated. You will have to spend some time discussing this or your students may 
think that momentum conservation applies only in the physics course and not in nature. 


Before going into a detailed discussion of isolated systems, let us indicate the source 
of student confusion. When students are given an artificial problem involving, say, the 
collision of two balls, they may apply momentum conservation to get the answer they are 
after. But, they know that a single ball will not maintain its velocity; it will slow down. 
Hence, instead of being a universal, powerful law, momentum conservation may seem to 
be an expedient to be used to get the correct answer for a particular class of problems. 
Considerable class discussion will be needed to relate momentum conservation to nature 
as the students see it day after day. 


COMMENTS ON ISOLATION In dealing with momentum problems, the isolation of a sys- 

tem (what to include in the system, and what to exclude) is not always simple. The only 

case in which near-perfect isolation occurs is in an interaction somewhere in outer space 
. Such cases are somewhat artificial, but easy to understand. 


A second kind of isolation is illustrated by smooth objects on a frozen lake (assuming 
the ice is frictionless), or billiard balls on a table (again neglecting friction). Here ex- 
ternal forces are not small. Gravity pulls down, while the ice or the table pushes up. 
However, because the surface is rigid, the forces automatically adjust themselves to be 
equal and opposite, and the net force up or down on the object i8 zero. In such cases, 
con 5 is a kind of pseudo- isolation with large external forces acting, but adding up 


A third and very useful case (and one which students should understand in order to 
1 E kei broad utility of momentum conservation) involves isolating an interaction 
intere ying momentum conservation during the time interval that just covers the 
nding lon. Consider the question of changes of momentum between two billiard balls 
Si g on a billiard table. No one doubts that a billiard ball set rolling on the table 
eventually come to rest because of friction. Hence, two billiard balls on a table do 
not form a really isolated system. But consider just the instant of collision. The table, 


an object external to the system, exerts frictional forces on the balls during the collision. 


e not be small. The important thing is that the impulse imparted by 
oe forces during the brief instant of the collision is negligibly small compared to the 

pulses of the forces of interaction between the balls during the collision. Therefore 
the momentum of the two-ball System may be said to be conserved during the collision 
even though it is not conserved if longer times are considered. If we need to consider 
frictional effects we can apply momentum conservation to the interaction, then consider 
the effect of friction on these results. K 


Another illustration of this case is an exploding rocket. Here, gravity acts on the 
mucket as an external force. However the explosion takes place in such a short time that 
e impulse imparted by gravity to the rocket during the explosion is negligible and mo- 
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mentum conservation within the rocket system may be used to describe the situation 
immediately before and after the explosion. We can then, if necessary, consider the 
effect of gravity on a given mass with a given velocity. Also, the gravitational case has 
a Special property. In an interaction in a constant gravitational field, the accelerations 
of all bodies are equal so the gravitational force can be neglected. See HDL Problem 22. 


DEVELOPMENT Use of the Principle of Conservation in Practical Situations. Return in 
class discussion to each of the examples given in the text in Section 3. Ask individual 
students to tell exactly what the two objects are in each case, and why these two objects 
form an isolated“ system. Also have them restate the law of conservation of momen- 
tum specifically as it applies to each system. 


For example, the boy and the man are the interacting objects in the first example of 
Section 3 (Figure 23-5). They can be considered as an isolated system because they are 
standing on smooth ice; the term smooth indicates that we can neglect friction. The 
effect of the downward pull of gravity is exactly cancelled by upward push of the ice. 

Since both the man and boy were stationary before the push, the initial momentum was 
zero. Hence, the total momentum (vector sum) must always be zero. If the man acquires 
momentum in one direction, the boy must acquire an equal and opposite momentum. Ask 
a student what would happen if the boy pushed downward on the man so that the boy lifted 
himself into the air. Would the man move down? Are the man and boy ''isolated'' insofar 
as vertical motion is concerned? 


Ask students what effect escaping gases would have on momentum conservation applied 
to a gun and bullet. When the bullet leaves the gun barrel and the gases do escape, they 
usually carry a negligible amount of momentum. However, whether or not the momentum 
of the gases is negligible is not so important as is the realization by students that thcy 
are considering this momentum negligible. If someone devised a gun in which the gases 
carried significant momentum, these gases would have to be included together with the 
gun and the bullet in calculating momenta. 


COMMENT Figure 23-9, 23-11 and 23-26 show billiard balls colliding. Most students 
think of these balls as rolling on a table. Actually they were suspended on long threads. 
That is why spots and stripes appear to stay fixed or rotate very slowly. 


Some students may be interested in the fact that when an off-center collision occurs 
between a moving (non-spinning) billiard ball and a stationary ball of equal mass, the two 
balls, after the collision, move off along paths which are at right angles to each other. 
Students may note this when they perform Experiment III-10, A Collision in Two Dimensions. 
This fact depends on the conservation of kinetic energy (toward which students are led by 
the final paragraph of Experiment III-10, see the comments in the yellow pages on that 
experiment) and can easily be proved after they have studied energy. This proof is given 
in Appendix 6 at the end of this volume of the guide. 


* * * 


QUIZ QUESTIONS $ 


- k of wood which 
1. A 5-kg ball of putty moving at a speed of 6 m/sec strikes a 1-kg bloc 
was initially at rest. The putty sticks to the wood. What is the final speed of the wood? 
(5 m/sec.) 


2. A 10-gram bullet is fired with a speed of 1000 m/sec from a freely hanging 2-kg gun. 
What is the recoil velocity of the gun? (5 m/sec.) j 


into two pieces. A 
3. A 5-kg body at rest-is torn apart by an explosion. It breaks 
4-kg piece 5 ibtd to move off to the right at a speed of 50 m/sec. Describe the motion of 
the remaining 1-kg piece. (Moves to left at a speed of 200 m/sec.) 
4. A 10-kg mass moving to the right at a speed of 20 m/sec interacts with a second 


mass which was initially moving to the left at a speed of 20 m/sec, After e ree 
both masses are found to be moving to the right at a speed of 5m/sec. How large is the 
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second mass? (6 kg.) 


5. Can momentum conservation alone determine motion after a collision? If you have 


time at this stage you can use this question to motivate the search for other dynamical i 
quantities in later chapters. Ask students whether any other final velocities of the two j 
balls in Figure 23-8 could have kept the total momentum unchanged. Students will be 

able to answer this more easily if you use specific numerical values. Say that the balls 

each had a mass of 0.5kg and that the initial speed was 4.4m/sec. (Note that this speed 
corresponds to the ball going a little less than 27cm in 3/48 seconds. Note too that the 

apparent elongation of the ball by about 2cm combined with this speed implies that the 

camera shutter was open for about 1/220 second during each frame.) The students should 

realize that equal momentum could have been realized by many other combinations. Ask 

them how fast ball 1 would have been moving after the collision if ball 2 had attained a 

speed of 3.3m/sec rather than 4.4m/sec. They should recognize quickly that ball 1 

would have continued with a speed of 1.1 m/sec instead of stopping. What if ball 2 had 

attained a speed of 4.1m/sec? Ball 1 would have retained a velocity of 0.3 m/sec forward. 


You can leave students with the question of how ball 2 manages to make a choice with 1 

all of these possibilities. Physically it is clear that the detailed interaction at collision 

must determine the result. In Chapter 24, we shall include energy in our analysis of 

collisions and thereby eliminate some of the ambiguity. | 
Section 5— Rockets 

PURPOSE To illustrate the use of momentum conservation by considering one application 

of great current interest, the operation of rockets. 

CONTENT A rocket ship gains forward niomentum equal to the backward momentum of 

the exhaust gases. 

EMPHASIS This material constitutes one single example of the use of momentum con- 

servation. It can be covered as a reading assignment. If you have extra time, your 

ee will be interested in a discussion of some examples using the graph of Figure 

DEVELOPMENT A Sample Rocket Problem. If a fuel were available with an exhaust speed 

of 3.3km/sec, what mass rocket would be needed to give a 1000-kg load a final speed of 

10km/sec. (Neglect air resistance and gravity.) Since v/v, = 3, Figure 23-15b shows 

that m/m, = 0.05. Therefore a 20,000 kg total would be needed. (Note that if air fric- 

tion and gravity were included a fuel load of about 50,000 kg would be required to bring 


the 1,000 kg pay load to a speed of 10 km/sec; 11 km/sec is th 
object so that it can escape from the earth.) a 


You can get other sample problems from the supplementary information below. 


SUPPLEMENTARY MATERIAL ON ROCKETS The estimates given in the text for the 
ratio of total rocket plus fuel mass to final rocket mass (or iS load’’) are conservative. 
Recent American and Soviet rockets have used fuels with exhaust speeds considerably 
above the 2km/sec used for illustration in the text. The rocket fuels which were con- 
ventional in 1957 had exhaust velocities of about 2.6km/sec. Scientists are working on 
chemical fuels which are expected to raise this value to 4km/sec within, perhaps, 5 
a — fuels may raise the exhaust speed to 6km/sec. (It is unlikely 
kerasan za. zy dur efficiencies will be made public while rockets play a key role in mili- 


When exhaust speeds of from 4 km/sec to 6 km/sec 

are achieved, arth satel- 
lites will be practical. However, much higher exhaust speeds, oy. da 100 — 
will be needed to make space travel feasible. Such exhaust speeds would require some- 
thing more than chemical fuels. One possible alternative is to exhaust a stream of ions 
which has first been accelerated electrically. Presumably some advanced, compact 


"4 
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power source such as a nuclear reactor would have to be carried to Supply the required 
electrical power. Another proposal for the future involves the use of atomic bombs to 
hurl fragments opposite to the direction of the rocket motion. 


* * * 


If you read about rocket fuels in newspapers or magazines, you will probably come 
across the term *'specific impulse'' which is used to describe fuel efficiency. For 
example, a fuel in a particular rocket might have a specific impulse of 250 pound sec- 
onds per pound. (This unit is pounds force times seconds per pound of mass.) In MKS 


units this specific impulse would be 9.8 x 250 — 2.45 X 10? newton~seconds/kg which is 
exactly what the text would refer to as an exhaust speed of 2.45km/sec. 


2 
int sec Int sec lkgm/sec^ _ 
i = x Tat = 1 m/sec. 


The unit for specific impulse is expressed in newton seconds per kilogram to show 
explicitly the impulse (in newton seconds) derived from burning and exhausting 1kg of 
fuel. In thinking about rocket des , it is sometimes convenient to rewrite 


2.45 X 19? nt sec/kg as 2.45 X 10? nt per kg/sec. That is, 2.45 X 10? nt of force would be 
generated if the fuel were burned at the constant rate of lkg/sec. Part of the engineering 
problem of making rockets is to burn and exhaust the fuel fast enough. 


Consider for example, a 100 ton rocket (about 10 kg. The force of gravity on this 
rocket would be 9.8 * 10° newtons. If a fuel of specific impulse 3 x 10° nt sec/kg (or 
an exhaust speed of 3km/sec) were used, burning 1kg/sec would produce only 3 X 10°nt. 


To overcome gravity, a minimum rate of burning wo uld be 3.3 x 10? kg/sec. Since this 
would merely balance gravity, a burning rate of 400 kg/sec would be more reasonable. 


Note that after only 100 seconds the mass of ejected fuel would be 4 x 10* kg or 40% of 
the original mass. 


Actually one of the most surprising results derived in this section is that the final 
speed of the rocket depends only on the exhaust velocity and the ratio of pay load to initial 
mass of the rocket, and does not depend on the rate at which the rocket fuel is burned. 
There is thus no real need in an interplanetary rocket for a great flaming, roaring exhaust 
unless the rocket must accelerate rapidly. Why, then, are rockets built as they are? 

The answer is given in the previous example. Fuel must be burned at a rapid rate in 
order to overcome the pull of gravity. 


Another practical necessity in rocket design is to avoid excessive acceleration which 
could damage some of the intricate equipment in the rocket itself (e.g., the Steering 
mechanism or the fuel system) or in the pay load. As the fuel is burned, the rocket 
mass decreases and the acceleration increases. In multistage rockets, a new engine 
Which burns fuel more slowly (and therefore probably more efficiently) takes over once 
the mass has decreased enough. Of course, when this switch occurs, the mass can be 
further reduced by ejecting the larger, faster-burning rocket engine together with the 
Storage tanks that had held the ejected fuel. 


i 1 
Figure 23-15b is a graph of the ratio of the remaining mass, m, to the original tota. 
mass 992 and rocket, m, as a function of the ratio of the final speed attained, v, to 


to the exhaust speed, MS The equation relating these is: 
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| 
moe i 
m, | 
W ew. | 
or 2.30 logio RA l 
m, 8 
11 

DU e 

or 10810 = 0.434 DN ; 


(The derivation of this equation (for teacher reference) is in Appendix 5 of this volume 


of the guide.) 
This formula assumes that all the mass which left the rocket (m, 


a velocity, Va relative to the rocket in the direction opposite to the rocket motion. 


- m) moved with 


A lower limit on the exhaust speed of the fuel in the 80-ton Atlas rocket which put a 
4-ton load in orbit (on Dec. 18, 1958) can be obtained by setting v = 8km/sec (the speed 
of a satellite in equilibrium orbit near the earth’s surface) and using either the equation 
or Figure 23-15b. From the equation, 


10810 (20) = 0.434 (8/v9 
orv, = 9-494 (8) = 2.67 km/sec. 


Using Figure 23-15b, we find the value of KAA when m/m, 20.05. This value is about 
3. Therefore, Tae 3 = 2.67km/sec. This must be a lower limit of the exhaust speed 


because (a) there was some air resistance, (b) the force of gravity was present, and (c) 
some of the original mass was fuel container and the first stage rocket engine. 


Section 6 — The Center of Mass 


PURPOSE To introduce the idea of center of mass through consideration of a system 
composed of two objects. 


CONTENT a. The center of mass of two masses is the point that divides the distance 
between them in inverse proportion to the masses. Thus, mx, = max. 


b. Ifa system of two objects is isolated, the velocity of the center of mass, v 
does not change. The total momentum of the system tet + mo) vo Kog 
cm 


EMPHASIS This section may be treated very briefly or omitted without serious] 
affecting the continuity of the course. This does met mean that the idea of soaker of mass 
is of secondary importance. On the contrary, it is basic to the understanding of all 
mechanics beyond the most elementary. If you have plenty of time, you should surely 
include this section. It may be abbreviated only because most students do not think seri- 
ously about the motion of extended bodies but in some way assume that the average 
motion is given by Newton’s law, an intuitive feeling which happens to be correct. 


COMMENTS The actual forces acting on an extended object x. If 
such an object is pushed ‘‘off center’’ (i.e., so the net 3 — cach the 
center of mass) it will rotate as well as translate. In addition one part of the object 

may push on another part and the action of these forces should be taken into account. It 
can be proved that the center of mass of such an object moves as if the entire mass of 

the object were concentrated at the center of mass, and as if the only forces acting were 
the external applied forces. This can be demonstrated by taking a very irregularly shaped 


= 
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piece of wood and painting its center of mass with a white dot. When thrown into the air 
the object twists and wobbles, but the white dot describes a smooth parabolic path. 


* * * 


Not only is the motion of the center of mass particularly simple, but motion relative 
to the center of mass often may be very simply described. See the exercise on Figure 
23-9 suggested below. 


DEVELOPMENT a. One way to treat this subject is to discuss Problem 22 with the 
class, drawing the diagram suggested in the solution for that problem. 


b. You can discuss Figure 23-21 so that students appreciate how the motion of the 
center of mass is simple even though the wrench appears to be moving in a complicated 
way. The following questions can be used to lead students to consider the motion as the 
resultant of two simple components. 


1) If the wrench is 20cm long, what is the average speed of the center of mass? The 
students should be able to find that the wrench moves a distance equal to its length (or 
very slightly over that) in two flashes. Hence, v = 0.20/0.067 = 3 m/sec. (Note that in 
doing this the students will confirm the fact that Y is essentially constant.) 


2) Which way is the wrench moving? The only clue is that the wrench is probably 
slowing down due to friction. It will take rather careful measurements to show that the 
wrench is moving from left to right. 


3) Is the picture distorted by the camera? Yes, the wrench size seems different at 
the two ends of the picture. 


4) What is the speed of rotation of the wrench about its center of mass? It rotates 
about once in 14 flashes or has a rotational speed of just more than 2 revolutions per 
second. 


5) What is the instantaneous velocity of the hole at some particular time? The stu- 
dents can get an estimate of this graphically by dividing the displacement by the time. 
But to get this accurately the students must first find the tangential speed and the cor- 
responding direction due to the rotation. They can get this by knowing the rotational 
speed and the distance from the hole to the center of mass (which is the axis of rotation). 
To this velocity (relative to the center of mass) must be added (vectorially) the velocity 
of the center of mass. 


c. A graphical exercise to be done at home (time consuming but informative). 


The following exercise gives students an interesting insight into collisions and into 
how phenomena can appear different when viewed from different reference frames. 


Analyze Figure 23-9, a collision between two equal masses, in the following way. 


Make a tracing of the positions of the center of the two balls at various times. This 
might look like Figure (a). Join the positions of the two balls after the collision as shown 
at (b) and mark the positions of the midpoint of the line, i.e., the center of mass. Do 
this for the two balls before the collision as at (c). This may be a little messy; but can 
be done. Point out that the center of mass moves with uniform velocity. 
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Figure (a) 


Figure (d) 


An extension of this exercise might be to suppose we were riding on the center of 
mass, and see what the collision would look like. Take a second sheet of tracing paper 
and mark a spot, C.M., for the center of mass. Place it over the center of mass in the 
previous tracing and mark the position of the balls at this time. Do the same for each 
successive position of the center of mass. A final picture will look like (d). The things 
to notice are that the balls seem to come in from opposite directions with equal velocities 
(actually equal momenta, but here we are dealing with equal masses) and to go out in à 


— a 
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different direction with the opposite velocities. Actually the velocities as they leave 
are less than they were when they came in since the kinetic energy was not conserved. 


d. Additional exercise similar to c. 


Some teachers have found it useful to do the exercise described in c above in class, 
and to give the students the problem of analyzing Figure 23-11 by the same technique at 
home. One thing that emerges immediately upon trying to begin such an analysis of 
Figure 23-11 is that the center of mass location is not so obvious because the mass of 
each ball is not known. However, if you tell the students to assume that the center of 
mass moves with uniform velocity, it is quite easy for them to determine that the larger 
ball has more than twice the mass of the smaller ball, but less than three times the mast 
This can be judged most easily by using a trial ratio at the two extremes and Beeing 
whether this ratio also holds when the balls almost touch. The best value is about 2.7, 
but a value of 2.5 will give good results and is easier to use. Once the relative masses 
are known as 2.5 to 1 or 5 to 2, the students should mark the center of mass near the 
large ball about 2/7 of the total separation distance. They can then proceed to find the 
motion relative to the center of mass by using a second tracing as in Exercise c. 


Section 7 — The Conservation of Momentum 1n General 
PURPOSE To extend momentum conservation to systems composed of many objects. 


CONTENT Momentum is conserved in any isolated system independent of the number 
of objects in the system. 


EMPHASIS It is important for students to know that momentum conservation is general. 
However, most of them will probably be convinced from the earlier material. Detailed 
understanding of the argument is not essential. This section can be handled as a read- 

ing assignment with a brief discussion of the conclusions if you choose. 


COMMENT Since momentum conservation for a two-body system is introduced as a 
fact based on experiment, there is only modest additional gain in extending momentum 
conservation to include any isolated system. Inasmuch as momentum conservation de- 
pends on experiment it cannot really be proved. However, once it has been established 
for a two-body system, we need only a principle of additivity to extend it to an n-body 
system. Since the parameters involved, force and momentum, are vector quantities 
which have been established to be additive, we can conclude that the generalization will 
be valid. Even if this plausibility argument does not satisfy every student, you should 
be sure that they recognize that momentum conservation has been established experi- 


mentally for all types of systems. 


DEVELOPMENT One example, quickly worked out in class, should suffice. Here is 
one of many possibilities: 
A billiard ball, moving directly east at 2 m/sec, hits two other 

identical balls. After the collision it is found that the original ball 

is moving north at1/2 m/sec, and one of the struck balls is moving 

east at 1m/sec. How fast and in what direction is the third ball 

moving? 

It will be quite sufficient, even desirable, to do this problem graphically. The 

final momentum is composed of three momenta and must equal the initial momentum. 
(Note that this collision is not elastic, because the final kinetic energy is less than the 


initial kinetic energy.) 
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QUIZ QUESTION A slightly simpler problem may be given as a quiz: 
1. Three identical masses are close to- 
gether and at rest on a frictionless table mass 1 
when an explosion drives them apart. A 
initial position of 


photograph a moment later shows two 
masses, Where is the third? 2S the three masses 


mass 2 O 


Since the distance traveled is proportional 
to the velocity and the masses are the same, 


the momentum vectors are just: 
51 Pa 
The initial momentum was zero. Therefore, 
the final momentum must be zero. 
52 
This must 
be 53 
51 
The final positions are then: 
[9] 
E 
* 
o 5s mass 3 
1 


Bection 8 — Forces of Interaction f 
PURPOSE To introduce the concept of action and reaction forces. ; 


CO! 
8 " object A x sory force on object B, object B exerts an oppositely directed 1 


EMPHASIS If Experiment III-10, A Collision in Tw 
„ o Dimensions, has not done 7 
earlier it is a good laboratory experience to lead students into the cea el Chapter 24. 
DEVELOPMENT Parts . 
ee E. A and (a) of HDL Problem 13 will provide a good introduction to 
COMMENT As was mentioned earlier in the Guide 
à on momentum conservation, the 
traditional approach is to take ‘‘equal and opposite’’ forces as an n law 


to prove momentum conservation from it. This course 
. takes the f finding 
momentum conservation as the experimental law and proving — AAT law from 


* 


are no HDL problems : on this subject. 
* * „ 
If your students have come to consider momentum conservation in cases where 
the force acts for a very short time, there may be some about the 


equal and opposite forces of this section, They should now understand that when two 
bodies interact, Ap, = -Ap,. Then if Ap, * F, ,At, and Ap, * V, St, It follows that 


ai FI-z. Students who think only of the complete change can only see that the 
average value of F, | equals minus the average value of F, . In order to appreciate 
this section, they must realize that Ap, = -Ap,, for any interval of time they may wish 


equal ; 
in this proof is not „the time taken by a collision or explosion". It is any small interval 
of time we choose. 
* LI * 


The words ‘‘equal and opposite forces’ may seem contradictory — in fact, they 


seem contradictory 1f students have become accustomed to proper vector notation. 
vectors are equal only 1f they have the direction. The words just occur so often in 


physics that ‘‘equal in magnitude and in direction’ has been contracted to ‘equal 
and opposite", 
* . * 
It might be helpful, when the isolation of a system, to introduce the follow- 


ing well-known paradox if you have not used it before: 


A horse is harnessed to a wagon and tries to pull it down the 
street, However, as hard as he pulla on the wagon, the wagon ^ 
pulls back just as hard on him. Then how can he ever get going? 


The paradox vanishes as soon as you remember that you must consider only the 
system in which you are Interested. If you wish to understand the motion of the wagon, 
consider the wagon and the external forces which act on it, The horse pulls it forward 
and the friction between wheels and axles and between wheels and ground holds it back. 
When the horse's pull exceeds the force of friction, the wagon accelerates forward. 

If you are interested in the motion of the horse, consider only the forces acting on 
the horse. The external forces which act are the backward pull of the wagon, and the 


forward push of the ground on the horse's feet (in reaction to their backward push on the 
ground). When the latter exceeds the former, the horse accelerates forward. 

The horse and wagon is just a special case of a more general statement 
about equal and opposite : The two equal and opposite forces mentioned 1n this 
section always act on bodies. If you consider both bodies together as a single 
System, the forces do T is this exact cancellation which allows us to ignore 


the tremendously complex interatomic in, say, a stone falling in a gravitational 
field, In the cade of hores and wagon considered together as an object, 
horse on the wagon and the wagon on the horse cancel, leaving 

on the horse's feet (forward) and the frictional forces in the wheels (backward). When 
the one exceeds the other, the horse and wagon (one body) accelerate forward. 
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Do not bother to try to give a rigorous definition that will distinguish Newtonian from 
non-Newtonian forces. As physicists analyze matter and interactions in more detail, a 
time lag is found to exist in the action of any type of force Most physicists do not believe 
that any signal can travel faster than light; hence many of the familiar force fields propa- 
gate very much like the light emitted by a super nova as discussed in the text. 


* * * 


It is not necessary to analyze the super nova example in any detail. If you attempt 
to be precise, you may find some students asking questions which are almost semantic: 


Does the light emitted by a super nova, comprise a material 
part of the super nova? If not, how can the center of mass of the 
super nova (at rest before the light was emitted) be moving after 
the light is emitted? Is something wrong with momentum con- 
servation? 


If the light is part of the super nova, why is it so strange that 
we give the super nova a counter-shove? 


What is the nature of the force with which the super nova shoves 
the light? Since light must always travel with the speed of light, 
how can you speak of the light as being shoved? 


You can probably never satisfactorily answer any of these questions since the stu- 
dents simply will not know enough electromagnetic theory (nor can you promise them they 
will learn enough in Part Iv). The whole situation straightens itself out, as mentioned 

in the text, when the momentum of the light is taken into account. A light beam of energy 
E, carries a momentum E/c, where c is the speed of light. Some of the students may 
ask whether light, if it has momentum, has mass. The answer is yes, it has a mass 


given by E = mo". More „light“ will be shed on this in Part IV. 
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Chapter 23 — Momentum and the Conservation of Momentum 
For Home, Desk and Lab — Answers to Problems 


Even if you do not emphasize the content of Sections 5 through 8 in your classwork, 
the problems for these sections may be assigned. The techniques developed in Sections 
1 through 4 plus the vocabulary of later sections are sufficient. 


Problems 11 and 12 constitute a pair which illustrates that, in some cases, either 
conservation of momentum or F = ma may be equally well applied. 


The following table classifies problems according to their estimated level of diffi- 
culty and the sections to which they relate. Those which are especially suited to class 
discussion are indicated. Problems which are particularly recommended are marked 
with an asterisk (*). : 


Meus 


10, 11*, 12, 9 
13, 14, 18* 


Class Discussion 


10, 13, 16 


SHORT ANSWERS 


1. 18.0 newton-sec. (b) 6.0 m/sec. 
2. 32.0kg-m/sec P (c) -6.0 m/sec or 18 m/sec. 
3. (a) 0.333,m/sec. 12. (a) 9 un 
(b) 0.667 m/sec (b) 3. „ Bart 
: 1 (c) 1.7 m/sec, in the direction of cart. 
4. 8.0 newton-sec. 13. (a) Y Iv, = 0.82. 
750 newton-sec. a 52. 
hd 800 ng (5 ma "rds ica 
6. (a) -120kg-m/sec. d E/E, = m 2 
(b) 30 newtons, in a direction oppo- a’ 
site to the initial velocity. N 2I Red; 
(c) 100 kg-m/sec before; bur 
-20 kg-m/apa after: 15. (a) 6.68 X10 ^" kg. 
7. (a) 1.5kg-m/sec. (b) Force cannot be computed., 
(b) Zero. (c) See discussion on page 23-28. 
(o) 9 „ down 16. (a) See diagrams on page 23-29. 
.31 sec. . 
(d) a: double, b: zero, c: impulse o RN opposite 
double, time same. rM m, mall 
8. (a) 0.40 kg-m/sec. (d) a —— 
(b) 9.6kg-m/sec. small “big 
(c) 19.2 m/sec. (e) 85+ 5 gm. 
9. See discussion on page 23-23. 17. See discussion on page 23-31. 


10. Throw something; fan or blow air; etc. 18. 0.60 m/sec. 
11. (a) No change. 
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19. 2.0 X 10° m/sec. in the direction of the (b) 0.20 m/sec. 
proton. For the effect of the X ray, 24. (a) 6000kg- e 
see discussion on page 23-32. (b) 6000 kg-m/ sec in opposite direction. 
= c) 600 newtons. 
20. c Visus 2m/sec, (c) 


(d) See graphs on page 23-36. 


TOV ruck © ton-m/sec. (e) The areas are equal. 
(b) 5/8 ton. 25. (a) See diagram on page 23-36. 
(c) 5/9 ton. (b) 1/2kg. 
21. bun constant (fixed or moves 26, ty 0 0. 
wittormly). (b) Remains fixed at center of frame. 
22. (a) 5,100:n/sec, 47° from vertical. (c) Zero. 
(b) 3000 m/sec. (d) See detailed solution on page 23-37. 
(c) See discussion on page 23-35. (e) 0.15 L, where L is the length of 
23. (a) 0.20 m/ sec. the frame. 
COMMENTS AND SOLUTIONS 
PROBLEM 1 How great is the impulse exerted by a 3.00-newton 


force for 6.00 sec? j 
Impulse = force X time = 3.00 newtons X 6.00 sec = 18.0 newton-sec. 


PROBLEM 2 How great is the impulse that gives an 8.00-kg 
3 mass a change in velocity of 4.00 m/sec? 


Impulse = change in momentum = mass X change in velocity = 8.00 kg X 4.00 m/sec 
- 32.0kg - m/sec. 


PROBLEM 3 What happens to the velocity of an object when 
an impulse of 2.00 newton-sec is applied to it? 
Suppose this impulse is applied 
(a) to a 6.00-kg object 
(b) to a 3.00-kg object. 


When an impulse of 2.00 newton-sec is applied to an object, the momentum of that 
object changes by 2.00 newton-sec or 2.00 kg-meter/sec. 


a) Applying an impulse of 2.00 newton-sec to a 6.00-kg object changes the momentum 
by 2.00 newton-see. Since the mass is constant, the velocity changes: 


E oe „ Fat 2.00 kg-m/sec _ 
mov = Fot, and AV = — 6.00 kg = 0.333 m/sec. 


Students should recognize that the unit kilogram-meter per second is the same as a new- 
ton-second. $ 


If the body were initially at rest, the 2.00 newton-second impulse would give it a velo- 
city of 0.333 m/sec. If the body were already in motion its velocity (a vector) would be 
altered by 0.333 m/sec, but the exact nature of the change in speed (magnitude of velocity 
vector) would depend on the relation between the direction of the original motion and the 
direction of the impulse. - 


b) Ifthe mass were 3.00 kg, the mass would 1/2 of the mass in part(a). Consequently 
the same 2.00 newton-sec impulse, imparting the same change in momentum, would re- 
sult in a change of velocity twice as great as in part (a). 


„ Fot 2.00 kg-m/sec _ : 
A in 300 kg = 0.667 m/sec. 


* * * 
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Note: While this is a simple problem, because of its simplicity it may be worth exploiting 
to show the generality of the relation between FAt and mAY when the vector nature of the 
relation is considered. 


If the object has an initial velocity V, AY must be added vectorially: 
v 


EN 0 * ETSI = — — 
— * 3 = 0 
is eee Ay, = Yp 
AY 
PROBLEM 4 A constant force applied to a 2.0. Kg ol at 
i rest moves it 4.0 m in 2.0 sec. What impulse was 
applied to the object? 


There are two approaches to this problem. The first involves finding the force and 
multiplying it by the time to get the impulse; the second involves finding the change in 
momentum directly and equating this to the impulse. 


Since the force is constant, the acceleration is constant and can be found from d = dat”. 
x 
a= 9 =2 S m= 2.0 m/sec’, 
t 2.0 sec 


Then since F = ma, F = 2.0 kg X 2.0 m/sec” = 4.0 newtons. The impulse is then 
FAt = 4.0 newtons X 2.0 seconds = 8.0 newton-sec. 


In the second approach we note that the object’s average velocity during the period is 
4.0 meters + 2.0 seconds or 2.0 meters per sec. Its final velocity must be twice this, or 


4.0 meters per sec. [Alternatively we could write v = at, d= fat’, and eliminate a, ob- 


taining v = n as above.] If the object has a velocity of 4.0 m/sec and a mass of 2.0 kg, its 


momentum change was 8.0 kg-m/sec. The impulse therefore must have been 8.0 kg-m/sec 
or newton-seconds as before. 


A skier with a mass of 75 kg is moving on level 
rian = ground at a constant speed of 10 m/sec, Through 


some miscalculation, he finds himself brought to 
a stop in a snowbank during a Af of 1.5 sec, 

(a) What impulse did the snow apply to the 
skier? 

(b) What was the average force exerted by the 
snowbank to produce this change of speed? 


a) Since the skier had a momentum of 75 kg X 10 m/sec = 750 kg-m/sec, and was com- 
pletely stopped by the snow, his change of momentum was 750 kg-m/sec. Therefore the 
impulse applied by the snow was 750 newton-seconds. 

b) FAt= impulse. Then 1.5 sec X F = 750 newton-sec, and the average force was 500 
newtons. The force may have been much larger at times and smaller at other times, 
but the average was 500 newtons. 
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An object with a mass of 10 kg moves at a constant 
ib speed 0 10 m/sec. A eiiis force then acts on 

the object for 4.0 sec, giving it a speed of 2.0 m/sec 
in the opposite direction. 

(a) Calculate the impulse acting on the object. 

(b) What is the magnitude and direction of the 
force? 

(c) What is the momentum of the object before 
and after the force acts? 


a) Impulse = mass X change in velocity = 10 kg X (-2 m/sec - 10 m/sec) 
= 10 X (-12 kg-m/sec) = -120 kg-m/sec. 


impulse 


b) Impulse = force X time, and force = time 


F ike am Sec. 30 newtons, in a direction opposite to the initial velocity. 


c) Momentum - mv, 
Initial momentum: mv, = 10kg X 10 m/sec = 100 kg-m/sec. ‘ 


Final momentum: mv, = 10kg x (-2) m/sec = -20 kg-m/sec. 


Thus, the change in momentum is equal to the impulse. 


D 


PROBLEM 7 A 0,50-kg ball is thrown straight up at 3.0 m/sec. 
(a) What is the initial momentum of the ball? 
A p What is the momentum at the top of the 
rise 
(c) What impulse stopped thé ball? For how 
long did the impulse act? 
(d) If the ball had a mass of 1.0 kg, what would 
be different in (a), (b), and (c)? 


This problem demonstrates that the idea of impulse is useful in cases involving forces 
acting for an appreciable time as well as in its common application to cases where forces 
act for a very short time. 


a) momentum = my = 0.50 kg X 3.0 m/sec = 1.5kg-m/sec. 


b) Since the ball stops momentarily at the top, its velocity at that point is zero. Conse- 
quently its momentum at that point is zero. 


c) The initial momentum was 1.5kg-m/sec upward, therefore the impulse which stopped 
the ball was 1.5 newton-sec directed down. The force which supplied this impulse was the 
gravitational force which is 0.50 kg X 9.8 newtons/kg. 

.mAvy . 1.5kg-m/sec 
Ap - IAN. 1.5kg-m/sec i = 0.31 sec. 
F 0.50 kg X 9.8 m/sec 


d) Momentum is proportional to both mass and velocity. Hence, in part (a), doubling 
the mass (but keeping the same velocity) would double the momentum. In part (b), since 
the velocity is zero, the momentum will be zero no matter what the mass. 


In part (c) the impulse required to stop a body is equal to the body's momentum, there- 
fore doubling the mass doubles both the momentum and the impulse required to stop it. 
However, since Fg = mg, doubling the mass would double the force of gravity, and with 


doubled force, the same time gives the needed doubled impulse. 
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PROBLEM 8 A body is made of two masses m, and , 2.00 kg 
and 0.500 kg respectively, tied together by a light 
thread. [Fig. 23-23 (a).] It moves on a friction- 
less table starting from rest. We set it in motion 
by applying an impulse of 10 newton-sec to the 
body, but unfortunately the thread connecting 
m ,and m, breaks during the course of the impulse. 
Fig. 23-23 (b).] As a result, m, goes off with 
great speed while m, at the end is only moving at 
a speed of 0.20 meters per second. 

(a) How big an impulse did m, receive? 

(b) How big an impulse did m, receive? 

(c) How fast is m, moving at the end of the 
impulse? 


d 
impulse — 10 newton-seconds 


The final momentum of m, is 2.00 kg X 0.20 m/sec = 0.40 kg-m/sec. The total momen- 


tum of the two bodies is 10 kg-m/sec since that was the total impulse applied. The final 
momentum of m, is then 10 - 0.40 = 9.6 kg-m/sec. 


Therefore, 
a) m, received an impulse of 0.40 kg-m/sec. 
b) m, received an impulse of 9.6 kg-m/sec. 
€) m,v, = 9.6 kg-m/sec. 
Y RE = 19.2 m/sec. 
PROBLEM 9 Fig, 23-24 shows a multiple-flash photograph of 


an "explosion" of two billiard balls. The mass of 
the larger ball is 201 gm and that of the smaller 
ball 85 gm. The light flashes were ṣẹ sec apart. 
Your measurements on the photograph should 
give you a simple check on the conservation of 
momentum. If you find that the momenta of the 
two balls are not equal in magnitude, how would 
you explain this? 
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Since the balls started from rest (zero momentum) the total momentum after the ex- 
plosion should be zero. This can be true only if the two individual momenta are equal in 
magnitude and opposite in direction. The ratio of the two momenta is 

m. v x 201 MI 1 201 dt, 
ma v 85 Vo 85 d t, 
where di is the distance traveled by the larger ball in a time ty, and dis the distance 
traveled by the smaller ball ina time ty: Measured directly from the figure, 
d =.79, t 75 flashes, 
d, = 1.69, ty = 5 flashes. 
m. v. 


Using these measurements, 
v. 
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We also must determine whether the motions of the two balls are in opposite directions. 


Direct measurement from the figure shows that the angle between the balls' paths is 
179.5% rather than 180°. 


The measurements are close to the predictions of momentum conservation, therefore, 
on the basis of this experiment only, there would be no basis for doubting momentum con- 
servation. But why do the measurements not check exactly? 


There are three likely sources of the observed discrepancies. These are: 


8) Some external force acts on one or both of the balls after the explosion. Certainly 
this is so. It is easy to see that the balls are slowing down. This could be the result of 
air drag. If the balls were hanging from strings, the backward pull of the strings would 
constitute Such a force. If the balls were rolling, frictional forces could be responsible 
for part of the discrepancy. If the table were slightly tilted the force of gravity could 
give rise to the other observed effects. ` 


b) A third object might have shared in the explosion“ interaction. A small explosion 
mechanism is seen initially between the two balls. We know neither its mass nor how 
much momentum it acquired. This may have been appreciable and could account for the 
observed discrepancy. z 


c) There could be distortion in the photograph. Ordinarily this would not be large 
enough to produce the discrepancy observed here. ; . 


PROBLEM 10 A man is at rest in the middle of a pond on per- 
fectly frictionless ice. How can he get imac to 
shore? : 
This standard problem can serve nicely as the basis for reviewing isolated systems 
as well as conservation of momentum. 


If we suppose for the moment that there is no air, then there is no way for the whole 
man to get to shore. He can move in one direction only if he throws Something in the other. 
Fortunately it can be very small, since he will move at a constant Speed once he gets going. 
As long as we are supposing, if there is air friction he can use his hands as **propellers"'. 
With a still wilder supposition of no air friction but still air to breathe, he can make a jet 
with his breath — and turn his head to breathe in. 
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PROBLEM 11 


In each case, what is the change in velocity of 
the cart? 


Initially cart (20 kg) and boy (60 kg) are moving with a velocity of 2.0 meters/aec. 
Hence the total momentum of the system is (20 + 60 kg) X 2.0 m/sec = 160 kg-m/sec. 


a) In this case the boy has a final momentum of 60 kg X 2.0 m/sec = 120 kg-m/sec which 
leaves 160 - 120 = 40 kg-m/sec for the cart. Since it has a mass of 20 kg it has a velocity 
of 40 + 20 = 2.0 m/sec. There is no change in the velocity of the cart. This is almost 
trivially obvious since, to “land’’ at same speed as the cart, the boy would have to drop 
off the side of the cart, imparting no impulse to the cart. 

b) If the boy ends up with no velocity and hence no momentum, the cart must have all the 
original 160 kg-m/sec. It then is going with a velocity = 160/20 = 8.0 meters/sec. There- 
fore the change is 6.0 m/sec. Physically this comes about because the boy must jump back- 
ward off the cart 80 as to arrive on the ground with no momentum. In doing this he pushes 
the cart forward. 


c) If the boy moves with ‘twice the initial velocity of the cart he is moving with a velocity 
of 4.0 meters/sec. His momentum is then 60 X 4.0 = 240 kg-m/sec. If the final momen- 
tum of the cart is Pt 


Py + 240 = 160; p. -80 kg-m/sec. 
The cart has a velocity of -80/20 = -4.0 or 4.0 meters/seoc in the direction opposite to that 


in which it was originally moving. The change is therefore -6.0 m/sec, 


The above holds if we assume that twice the initial velocity of the cart“ means twice 
the magnitude in the same direction. This is logical. However, some students may argue 
that it could have been twice the magnitude in the opposite direction. In that case 


Py - 240 = 160; p,* 400, and v, = 400 = 20 m/sec. 


The change in the cart’s velocity would then be 20 - 2 = 18 m/sec. 


PROBLEM 12 pyc tati qe hamo e 


(c) With what horizontal velocity did he hit the 


a) Since the impulse is the product of the force and the time, 
se . 20 newton-sec _ : 
p = Impulse , 20 nawton-8ec = 100 newtons 
b) The final velocity of the cart is the sum of the initial velocity and the change in 
velocity imparted by the jump. 


Lf hed i Ay. 


A force of 100 newtons acting for 0.20 sec would result in a change of velocity found 
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from F = má = mA . Solving for Av, and then the final velocity, we find 


MAS FAt _ 100 newtons X 0.20 SeC _ 1 9 m/sec. 
m 20 kg 
vt vi t = 2.0 m/sec + 1.0 m/sec = 3.0 m/sec, forward. 


Alternatively, and more directly, the final velocity can be found from momentum con- 
servation: : 
5 = my, = 20kg X 2.0 m/sec = 40 kg-m/sec. 


An impulse of 20 newton-sec was applied, giving a final momentum of 
40 + 20 = 60 kg-m/sec. i 


3 „ p _ 60kg-m/sec _ 
p= m$, and F- m 20 kg 3.0 m/sec. 


c) The momentum of the boy was initially 60 kg X 2.0 m/sec = 120kg-m/sec. The change 
in the boy's momentum was -20 newton-sec (negative because the impulse was directed 
oppositely to his original motion). The boy's final momentum is 120 - 20 - 100 kg-m/sec. 
Since p = mv, 


5 P _ 100kg~m/sec _ ) : 
Nu 60 kg 1.7 m/ Sec in'the direction of the cart. 
PROBLEM 13 Two heavy frictionless carts are at rest. They are 


held together by a loop of string. A light spring 
is compressed between them (Fig. 23-25). When 
the string is burned, the spring expands from 2.0 
em to 3.0 cm, and the carts move apart. Both hit 
the bumpers fixed to the table at the same instant, 
but cart A moved 0.45 meters while cart B moved 
0,87 meters. What is the ratio of: 

(a) the speed of A to that of B after the inter- 
action? 

(b) their masses? 

(c) the impulses applied to the carts? 

(d) the accelerations of the carts while the 
spring pushes them apart? 


This problem deals with momentum conservation, but also can be used to i 
the ideas of Newton’s third law, which appears in SecHon S ofthe taxt. — vai 


3) Cart A moved 0.45 meters during a time t, and Cart B moved 0.87 meters in the same 
time. Their velocities then were 


duce 


0.45 _ 0.87 
Ya T , and v, E 


* 


23-27 


Dividing the first equation by the second, the ratio of the velocities is 


x 
a. 0.45 _ 
w, 087 | 9:9. 


b) Since the two momenta must be equal in magnitude: 


c) Since the momenta were equal and opposite, the impulses were also equal but opposite. 


ACA. Av / t Av, 
d) Since average a = ^M a = w/t = Av 7 0.52, but opposite in direction. 


PROBLEM 14 A freight car of mass 10* kg is coasting along a 
track at 2 m/sec. A second freight car of twice 
the mass comes toward it in the opposite direc- 
tion. If both cars come to rest upon collision, how 
fast was the second car moving? 


This is the exact opposite of an ‘‘explosion’’ problem. Here the final momentum is 
zero. The initial momentum is therefore also zero. 


From momentum conservation, the answer to this problem can be seen directly. Since 
the final momentum is zero, the initial momenta of the cars must have been equal but 
opposite. Since the ratio of their masses is 1/2, the ratio of their velocities must be 2/1. 


m,v, + mv =0 


22 
son C enit 
ais v 
Vo m, 
Eya of X 2 m/sec 
2x 104 kg 
= -1 m/sec. 


The minus sign specifies that the direction of travel is opposite to that of the lighter car. 


PROBLEM 15 A proton (mass 1,67 x 10~*” kg) with a speed of ! 
1 X 10? m/sec collides with a motionless helium 
nucleus and the proton bounces back with a speed 
of 6 x 10* m/sec. The helium nucleus moves 
forward with a speed of 4 x 10* m/sec after the 
bombardment. 

(a) Can compute the mass of the helium 
nucleus? iso, what is it? 
(b) Can you com the force that acted dur- 
ing the collision? If so, what is it? ^ 
(c) If you answered “no” to either (a) or (b), 
be prepared to discuss in class why you gave this 
answer, 


This is a conservation of momentum problem with a nuclear physics flavor. 
ay Let m, be the mass of the proton and Yp its velocity before the collision. Since the 
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helium nucleus is at rest, the total momentum before the collision is m v . After the 
collision it is Mhehe 7 mop where vi ps the final velocity of the proton, the minus sign 
occuring because velocity y^ is opposite in direction to all the other velocities 


mv tmv m. (v. *v') 


m v -m, v, -m v, and m, = = 
pp He He p p He Y ge Vite 
_ 1.67 x 1077" kg (10" + 6 x 10° m/sec) 
THe 4 X 109 m/sec 


= 4X 1.61 X 1077" kg = 7 x 1077" kg, 


& 


b) No. 


€) The force during the collision cannot be computed unless the length of time of the 
collision interaction is known. 


Notel. We can estimate the force as follows: From other types of experiments we know 
that the forces are exerted over distances of about 2.0 X 10715 m. If we divide 2.0 x 10715 
by 0.5X 107 m/sec we get 4.0 X 10˙22 sec for the time duration of the collision. Using this 


value, -27 7 
Ph my ~ 1.67 X 10 5E 1x10 m/sec ~ 40 newtons. 
4X10 sec f 


This is an order of magnitude calculation. The average velocity might be smaller; 
the distance might be smaller since the proton and helium nucleus might barely touch. 
Even if v is 10 times smaller, the force is of the order of 10 newtons which is fantastically 
large considering that this is the force between two such small particles., However, for 
this problem the correct answer is that the force cannot be computed, 


Note 2. There is some significance to the answer no“ to part(b). It shows the real power 
momentum conservation techniques. Here is a case in which no one knows the actual 
force in question, but momentum conservation is &pplicable and can give useful infor- 
mation — such as the mass of a struck nucleus. 


«f» 


PROBLEM 16 


In Fig. 23-26 the large ball came in at the top of 
the picture and the little ball at the bottom. As 
you see, a collision took place in the middle, 

(a) Draw the vectors which represent the change 
in the velocity of the large ball and the change in 
velocity of the small ball. Plot these vectors to 
the same scale and make sure that each one is in 
the right direction. 

(b) Are these of velocity oj ite in 

MU eoe changes y oppos 

(c) Are they equal in magnitude? 

(d) If their magnitudes differ, what should be 
their ratio? 

(e) The mass of the large ball is 201 gm. What 
is the mass of the small ball? 


Students should be encouraged to work to 
0.1 millimeter and 0.1° accuracy although the 
distortions in the picture are probably greater 
than this. Depending on how much practice 
students have had with this sort of graphical 
problem it may be well to point out in assign- 
ing it that they can plot velocity vectors pro- 
portionally even though they do not know either 
the real distance scale or the time between 
flashes. The velocity of an object may be 
plotted as proportional to the distance between 
successive flashes. Directions of travel can 
be determined by drawing along one side of 
the line of images of the ball, using tracing 
paper if it is not permissible to mark the text. 
Distances can be determined by using the 
line of centers, measuring between the more 
brightly lighted edges. 


a) The vector diagrams are given below. 
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The vector equation is Vin + A¥= Pout’ Therefore A? is the vector from the head of 


NES the head of Tir 
Big Ball 


Vincoming « 1. 76 cm 


Youtgoing « 1. 20 em 


outgoing 


Av 


incoming 


S 
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Small Ball 


\ 25 Large Ball \ Large 
\ 
\ 
\ 
\ 
\ 


Ball Em 


Av & 2.68 cm 


b) The changes of velocity are within 0.5* of opposite directions. Any measurement 


between 0 and 1.5* might be accepted. 
c) No. From the vector diagrams, their ratio is 
1 


Ay, 
big 1.13 422 
AV mall 2.68 


d) From momentum conservation, the ratjo of the changes in velocity should be in- 
versely proportional to the ratio of the masses: 


T mig Vbig ^ memall small 


bis mall 
AV mall M ig 
e) Since 
™ small 2 pig 2 
UNI TC AS = .422, 
Pig small 
m. all ^ .422 X 201 = 84.8 gm, (a value between 80 and 90 


A acceptable). Clearly these balls are the 201 and 85 gm pair that has been used in other 
gures. 


* * * 


Note: You may be interested in whether energy was conserved. You may wish to ask stu- 
dents to save their solutions to this problem for analysis of energy conservation when you 
deal with this subject later. The initial energy was proportional to 


1 2.1 
2 X201 x 1.76" + 2x 84,8 x 1.59? = 418 


and the final energy to 


1 3 
2 5201 X 1.20” + 3 X 84.8 X 2.382 = 378. 


Thus about 9.555 of the energy was lost; the collision was not elastic, but close. 
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PROBLEM 17 A double star consists of two large masses that 
attract each other gravitationally. By observing 
the motion of both masses, we can see that they 
rotate around each other. 

(a) What do you think happens to the mo- 
mentum of each of the masses in a double star as 
time goes on? Explain your answer. 

(b) When observed carefully, the bright star 
Sirius seems to wobble about, instead of having a 
uniform motion of the center of mass. From this 
and other evidence astronomers believe that Sirius 
has a dark companion. It is really a double star. 
How does this explain the peculiar observed 
motion? 


This problem asks the student to discuss conservation of momentum in an astronomical 
problem. 


a) The momentum of one member of a double star does not have to remain constant be- 
cause there is an external force — the gravitational attraction of the other member — acting 
on it. (Momentum changes due to emitted light are negligible.) Therefore the momentum 
of each member changes, but the sum of the two momenta remains constant since we pre- 
sume the double star system is far enough away from all other stars that it may be con- 


sidered isolated from them. This means that when one momentum changes, the other must 
change by an equal amount in the opposite direction. The changes are periodic, i.e., 


repeat themselves as the two stars revolve about each other. 


b) Assume that Sirius and its dark companion have equal masses and are revolving around 
each other as together they move through space. The point half-way between the two stars 
would move uniformly: 

Sirius 


Dark Star Path of Sirius 


How this motion would appear to an observer depends upon the magnitude and frequency 
of revolution of the binary system, and upon the angle from which the motion is viewed. If 
the observer is in the plane of revolution, one star periodically eclipses the other star. 

This is called an eclipsing binary. From other angles, the visible star will appear to wobble 
in its path. The magnitude and frequency of wobble will depend on the stars’ relative 
masses and the shapes of their orbits. 


PROBLEM 18 A stationary refrigerator car with mass 2.0 X 10* 

kg is rammed by a loaded gondola car with mass 

3.0 X 10* kg. Before impact, the gondola car 

was going 1.0 m/sec. If they lock together, what 

is the new velocity? 

Before the collision, the total momentum of the two-car system is Just the momentum 

of the gondola car because only the gondola car is moving. After the collision the total 
momentum of the two-car system is the same as before. Since the collision couples the 


two cars, both move with the same velocity after the collision. 
pf Pi 


(m, * m) Vg mee? and 
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3 : = 3.0 X 10 kg X 1.0 m/sec = 0.60 m/sec. 


v = 
f mg m, 3.0 „ 10 kg + 2.0 X 104 kg 


Most students have seen the jerky banging together of two freight cars being coupled. 
It may be well to call attention to the fact that although complicated forces are at work, 
the over all result is simple to comprehend. If the question is raised in discussion, you 
might tell your students that it is kinetic energy that is lost in the banging around. How- 
ever, try to steer clear of energy at this point. It will be the subject of the next three 
chapters. 


PROBLEM 19 When a proton (mass 1.67 X 10" kg) collides 
with a neutron (mass 1.67 X 10-?' kg) the two 3 
can stick together forming a deuteron (whose mass 
is 3.34 X 10 kg) (Actually the neutron is 
slightly more massive than a proton and the 
deuteron is slightly less massive than the sum of 
thetwo. However, these differences are less than 
1 part in 400.) With what velocity will the deuteron 
move if it is formed from a proton moving with 
a velocity of 7.0 X 10° m/sec to the right and a 
neutron moving with a velocity of 3.0 X 10° m/sec 
to the left? 

Note: Actually, in this collision an X ray is 
given off. The momentum carried in the X ray is 
about 20 per cent of the final momentum of the 
deuteron. An answer that neglects this is therefore 
somewhat in error. 


This problem involving nuclear particles, rather than railroad cars, illustrates the 
wide range of application of the conservation of momentum. 


In the solution that follows, the X ray is neglected initially. 
The initial momentum is 
Py = m Yp ma 


The minus sign indicates that the particles are moving in opposite directions. The final 
momentum is 


Prom 


Since momentum must be conserved, Dg = Pj and because all the motions are along a line, 
we can write 


maa — mp mn 


m v -m v — 
v,7 e e _ 1.67 X10 27 kg X (7.0 X 10° m/sec - 3.0 x 10° m/sec) 


ma 3.34 x 10 7" kg 
6 
- 2.0 X10 m/sec, in the direction in which the proton was traveling. 
* * * 


In order to obtain a solution which takes into account the emission of an X ray, it must 
be remembered that the total momentum of the system is still conserved, i.e., the vector 
sum of the momenta of the deuteron and the X ray must still be 


v 27 6 6 
mo- man 1.67 X 10 kg (7.0 X 10 m/ see - 3.0 X 10 m/ sec) = 6. 7 X 107 kg-m/sec. 
It is given that pr 0.2 p d but since the direction in which the x ray will be emitted can- 
not be predicted, the direction of motion of the deuteron cannot be predicted. Several 


. 


possible combinations of Py and Px that have 


amplitude ratios of 5:1 are shown at the right. 
Two extreme solutions are shown below for 
which the values of pg are calculated as follows: 


Pa Py 
Md ILU esi ae 
—. 8 
Pr 


Solution,1: Pat 0.2 Pa” Pe 


PROBLEM 20 


pa^ 0.83 Pr 


4888 
Ts DEL 
hi 
EART 
= E a E 
gi THE 
FETE 
89882 fos 
4 FH 


momentum of the truck after receiving the 
first burst? With what speed is it movin, 

(b) We now squirt a second burst into the truck. 
The water moves at the same speed, 20 meters per 
second, with to the ground. How large 


water is shot out so that each burst moves with 
the same relative velocity with respect to thé truck, 
what would this do to your answer to part (b)? 


: 


Pf 


Solution 2: Pa 7 0.25 4* Py 


pa = 1-25 pf 


a) For the first burst of water the momentum is (1/2 ton) (20 m/sec) = 10 ton m/sec. 
After the water is in the truck, the total mass is 1/2 ton (water) + 4 1/2 tons (truck) = 


5.0 tons. 


Momentum is conserved, therefore the final velocity of truck and water, v, 18 


10 ton m/sec = 5 tons X v, 


v= 2m/sec. 


The momentum of the truck, itself, now is (4.5 tons)(2 m/sec) = 9 ton m/sec. 


b) For the second burst, 
of water in the second burst. 
final velocity of this burs 
Therefore the momentum 


-16 M m/sec. 


The truck plus the 
since their velocity is 
must be 20 ton meters/ 


Conservation of momentum tells us that the chan 


the velocity of the water is still 20 m/sec, Let M be the mass 
Then the momentum of the second burst is 20M m/sec. The 
t must be the same as the final velocity of the system, 4m/seo. 
change suffered by the second burst is simply 4M - 20 M = 


first burst of water had an initial momentum of 10 ton m/ seo, and 
doubled upon receipt of the second burst, their final momentum 
‘sec, Thus their change in momentum is 10 ton meters/sec. 


in momentum of the second burst 


plus the change in momentum of the truck plus first burst, must sum to zero. 


10 ton m/sec - 16 M m/sec = 0 


Mm 5/6 tor. 


( 
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PROBLEM 21 A rocket is out in free space shooting out a stream 
of exhaust gases and picking up speed in the 
opposite direction. What happens to the center 
of mass of all the matter, that which is ejected and 
that which is left in the rocket? 

A rocket moving in free space“ represents an isolated system. The system consists 
of the ejected matter and that which is left in the rocket. Since no external forces are 
acting on the rocket system, the center of mass of the matter in the system cannot be accel- 
erating. Therefore the velocity of the center of mass is constant. 


The first burst of water (0.5 ton) gave the truck a velocity of 2 m/sec. As would be 
expected, more than 0.5 ton of water would be required in a second burst to increase by 
another 2 m/sec the velocity of the truck plus the original water. 


c) If the second burst were to move at 20 meters per second with respect to the truck, 
it would have to move at 22 m/sec with respect to the ground. In this case, the velocity 
of the water in the solution for part (b) would be 22 m/sec, and the required mass of 
water would be 5/9ton, a greater mass of water than required in part (a) but less than 


required in part (b). 


It may be interesting to consider how fast the truck could ever be pushed using the 
method of parts (a) and (b). The answer is clearly that it can never move faster than 
20 m/sec. Using the method of part (c), however, it could be pushed arbitrarily fast — 
neglecting the limitations of relativity and, more particularly, available fire hoses! 


PROBLEM 22 In an unsuccessful attempt to put a satellite in 
orbit, the carrier rocket moving vertically upward 
at 3000 meters/sec explodes and breaks into two 
pieces. One of the pieces continues atan 
3 and with a speed of 
3500 meters/sec immediately after the explosion. 

V 
mass is 0.60 that of the first piece? 

(b) What is the velocity of the center of mass of 
the rocket immediately after the explosion? 

r (c) What is the change in center-of-mass veloc- 
ity in the next second? 


a) Let the mass of the first piece of rocket be M, the second piece 0.60M. The 
original mass was then 1.6M. For a graphical solution of tke problem we construct a 
vector proportional to the original momentum of the complete rocket, i.e., proportional 
to 3000 m/sec X 1.6M = 4,800M m/sec. We may draw an arrow 4.8cm vertically up as 
at (a). After the explosion we know that one piece had a momentum 3,500 m/sec X 1.0M = 
pi ae 45° up ai Santa as at (b). E Becond piece must have a momentum p, 

. Measurement shows the momentum of the seco: 
amatio., 4 aneni TEN econd piece to be 3,400M m/sec, at 


(a) (5). (c) 


part of final tal final 
momentum momentum = 


initial momentum 


0.20 m/sec before the collision (and after the 
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Then, using v for the speed of the second piece, we get 3,400M m/sec = 0.60M X v; and the 
final velocity of the second piece is 5,700 meters/sec, upward at 47° from vertical, and on 
the opposite side of the vertical from the first piece. 


We can also solve this problem by resolving the momenta into vertical and horizontal 
components: 


initial vertical component = 4,800M m/sec, 
initial horizontal component = 0, 
final vertical component of first piece = 3500 (5) X 1.0M = 2,475M m/sec, 


1 
final horizontal component of first piece = 3500 (+) X1.0M = 2,475M m/sec. 


Consequently from the conservation of momentum we get for the second piece, 
Ph 7 -2,415M m/sec, 
P, = 4800M m/sec - 2475M m/sec = 2325M m/sec. 


Then P= y (2475M)? + (2325M)? = 3,295M m/sec, 


2415 e 
and tan 0 = 3825' 9 = 46.8". 


The velocity is then — 5 57 seo. 5660 m/sec, 46.8° from vertical. 


b) The velocity of the center of mass of the rocket was 3000 m/sec just before the 
explosion and since no external forces acted on the rocket, the velocity of the center of 
mass after the explosion is still 3000 m/sec. 


Since we are concerned only with the velocity of the center of mass immediately after 
the explosion, the impulse due to gravity acting for the short time of the explosion will be 
neglibible and the velocity will still be 3000 m/sec. 


c) To understand how the motion of the center of mass would change after the explosion, 
we need only think of how the whole rocket would behave if it did not break into pieces and 
if its fuel were shut off. If no external force acts, the rocket would continue to move with 
the same speed and direction. This was seen in the solution to part (b). 


PROBLEM 23 A 20-kg brick with no horizontal motion is 
dropped on a 2.0-kg cart moving across a friction- 
less table at 0.40 meter/sec. 


(a) What is the change in velocity of the cart? 
(b) What is the velocity of the center of mass of 
the system composed of cart and brick before the 
brick is dropped? 5 
a) The initial speed of the cart is 0.40 m/sec. To conserve momentum, when its mass 
is doubled, its speed is halved. Therefore its final speed is 0.20 m/sec. 


b) The center of mass of the 2-kg brick 
and 2-kg cart lies on the line joining them and 
halfway between them. Consequently, the 
center of mass of cart and brick moves half 
as fast as the cart does before the collision“. 
Therefore the center of mass moves at 


Brick 


collision). 
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PROBLEM 24 A machine gun fires ten 100-gram bullets per 
second at a speed of 600 meters/sec. 
(a) What impulse does the gun apply to the 
bullets in ten seconds? 
(b) What impulse do the bullets apply to the 
gun in ten seconds? 
(c) What is the average force applied to the gun? 
(d) Sketch rough graphs of: 
(i) Average force on gun vs. time 
(ii) Actual force on gun vs. time 
(e) How are the graphs (i) and (ii) related? 


a) Each bullet has a momentum: 
0.1kg X 600 m/sec = 60 kg-m/sec. 
In ten seconds 100 bullets are fired so that the total impulse applied by the gun to the 
bullets is 60 kg-m/sec X 100 = 6,000 kg-m/sec or newton-sec. 


b) Since there is no net impulse on the system of the gun and the bullets, momentum is 
conserved. Hence the impulse applied by the bullets to the gun is 6,000 newton-sec, ina 
direction opposite to that of part (a). 


e) Neglecting the reaction of the gases (which may be done with a well designed gun), 
the total impulse applied to the gun in 10 seconds is 6,000 newton-seconds. This is 600 


newton-seconds per second, which gives 600 newtons as the average force. 
d) (i) ; (ii) 


Force 
Force 


time time 


A rough graph of the actual force vs. time is shown at (i). The time duration of the force 
intervals, as compared to the time between force intervals, should be even shorter than 
Shown; and we know little about the actual Shape of the spikes. 


e) The areas under the two graphs are equal. 


PROBLEM 25 An explosion blows a rock into three parts. Two 
pieces go off at right angles to each other, a 1.0-kg 
piece at 12 m/sec and a 2.0-kg piece at 8.0 m/sec. 
The third piece flies off at 40 m/seé. 
(a) Draw a diagram to show the direction in 
which it goes, 
(b) What is its mass? 
a) We must presume the rock to be initially 
at rest. It then had zero momentum before 
the collision and hence raust have zero momen- 
tum after the collision. The momentum of the dins Momentum 12 kg-m/sec 
1.0-kg piece is 12 kg-m/sec; the momentum of 
the 2.0-kg piece is 16 kg-m/sec at right angles 
to the first. The third piece must have a mo- 
mentum p given by the vector diagram at the right 
which shows that the three momenta add to zero. 


16 kg-m/sec 


^. 
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b) The diagram shows the direction in which the third piece flew off, and from the 3, 4, 
5 right triangle it is seen to have a momentum of 20 kg-m/sec. Since its velocity was 
40 m/sec, its mass was 1/2 kg. 


PROBLEM 26 The system shown in Fig. 23-27 consists of a 
5.0-kg frame with a 1.0-kg and a 4.0-kg mass in 
the middle. Ateither end of the frame are stops 
made of putty. The two masses and the frame are 
mounted on Dry Ice discs. (The mass of the Dry 
Ice is included in the values given above.) The 
center of mass of the whole system is at the 
center of the frame. An explosion pushes the 
two masses a The 1.0-kg mass goes off with 
a speed of 12 m/sec. Eventually each mass is 
trapped by the putty. 

a) What is the speed of the 4.0-kg mass 
immediately after the explosion? 

(b) What is the center of mass of the whole 
system after 1 sec? After 2 sec? 

(c) What is the velocity of the frame and the 
attached masses after 100 sec? 

(d) Describe the motion qualitatively from the 
time of explosion to 100 sec. 

(e) How far does the frame move? 


a) Momentum must be conserved in the explosion between the 1.0 and 4.0-kilogram 
masses. The 1.0-kg mass has a momentum of 12 kg-m/sec after the explosion. The 
4.0-kg mass must have an equal and opposite momentum and therefore a velocity of 


3.0 meters/sec. 

b) Since there are no external forces acting on the system, the center of mass of the 
whole system remains fixed at all times. 

c) Since there are no external forces acting, and since before the explosion the momen- 
tum of the whole system was zero, the momentum remains zero. When the frame and two 
masses are joined they all have the same velocity — zero. (With reasonable dimensions 
the masses have become attached to the frame long before 100 sec has passed.) 


d) With the explosion, the 1.0 and 4.0-kilogram masses fly apart with speeds of 12 and 
3 meters/sec respectively. The 1.0-kg mass hits first and sticks, moving the frame in 
its direction. The momentum of frame and 1.0-kg mass is 12 kg-m/sec, the momentum of 
the mass before the collision. Next the 4.0-kg mass hits and transfers 12 kg-m/sec in the 
opposite direction, thus stopping the frame and masses, which then remain at rest. 


e) The distance the frame moved can be calculated by doing part (d) quantitatively. 
However, the simplest method is to remember that the center of mass does not move. 
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Suppose the frame moved a distance x. | 

Then it acts like a 5.0-kg mass a distance x | 

Írom the old (and the new) center of mass. i 
Where L is the length of the frame, the 1.0- 1kg OO 4kg 
kg mass is (L/2 + x) from the center of 
mass, and the 4.0-kg mass is (L/2 - x) from i 

the center of mass. 


Bet vnnd, 
(4*2) m + xm = (2) m, 
Lm 
bom om e Za, 
L(m, - mi) 
xin, + my + me — en 
x(1.0 + 4 9 + 5,0) A4 —1.0) 
* 0.15L. 


Many students who are unable to solve this part of the problem using L will be able to 
do 80 1f they are given a specific value for L. 


y 
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Chapter 24 — Work and Kinetic Energy 


y 
the rest of the course. Application of the law of conservation of energy is a powerful tool 
for solving a wide range of problems, particularly those in which the forces of interaction 
are not known in detail (o. g., in collistona). 


For an over all on the throe energy chapters you may want to refer to 
the summary of Part III at the front of this volume of the Guide. 


CHAPTER SUMMARY 


Work is Introduced as a measurable form of energy transfer, starting from ideas 
about fuel consumption. Work which goes into the acceleration of a body produces a 


corresponding change in the quantity 3 mv", the kinetic energy. The elastic collision ts 
analyzed in detail, 


2 
Section 4 Cergy. The —˙— a body produces a change ia the quantity 1/2 mv š 
the kinetic energy. The same amount of work always produces the same change in kine 
energy. An object in motion can do an amount of work exactly equal to its Initial 1/2 mv*. 
Sections 5 thro 7 The changes in kinetic energy in two-body collisions are analyzed 
stress 1s given to elastic collisions (I.e. collisions in which kinetic energy la con- 
served). Finally, a collision is proved to be *'elastic'" whenever the force between two 
bodies is a function only of their distance of separation. a E 
Sections 8 through 11. The general consequences of the conservation of momentum 
kinetic energy are applied to elastic interactions to find solutions to a certain class of 
problems. Some of the characteristics of inelastic collisions are also discussed, 


SCHEDULING CHAPTER 24 


The following table suggests possible schedules for this chapter, consistent with the 
Schedules outlined in the summary section for Part III. Sections which are enclosed by 
brackets | ] can be deemphasized in class discussion without loss of continuity. 
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RELATED MATERIALS FOR CHAPTER 24 


Laboratory. Experiment M-11. Slow Collisions. This experiment employs two mas- 
sive carts with soft spring ‘‘bumpers’’ in a head-on collision. The ‘‘collision’’ occurs 
sufficiently slowly that students are able to follow it in detail, making quantitative measure- 
ments. This experiment should be integrated directly with the class discussion of Sections 
5 through 7. 

Films. Energy and Work“, by Professor Dorothy Montgomery of Hollins College dem- 
onstrates that the work that goes into raising a heavy ball transfers to kinetic energy when 
it falls. The relationship between work done and change in kinetic energy is further under- 
scored by demonstration with a device in which a varying (but replicable) force acts through 
a given distance. This is done by finding the work from the area under a force-distance 
curve and the kinetic energy from measurement of mass and velocity. An amusing ‘‘Rube 
Goldberg'' device is used to remind students that mgh expresses gravitational potential 
energy. In closing, the film leadstoward heat energy by showing that, as the falling ball is 
brought to a stop, the loss of kinetic energy is accompanied by an increase in heat. Thisfilm 
may be used in connection with Chapter 24 or 25. Most teachers prefer to use it about the 
middle or toward the end of Chapter 25. Running time: 28 minutes. 


Home, Desk and Lab. The following table classifies problems according to their esti- 
mated level of difficulty and the sections to which they relate. Those which are especially 
suited to class discussion are indicated. Problems which are particularly recommended 
are marked with an asterisk (*). Answers to problems are given in the green pages. 


25, 28, 30, 
31*, 32 


Section 1 — Energy Transfer 
Section 2— Work: A Measure of Energy Transfer 
Section 3 — More About the Definition of Work 


PURPOSE To introduce work as a quantitative measure of energy transfer. 


CONTENT a. The quantity of energy transferred can be measured in terms of work 
performed or fuel used — two identical jobs require twice as much fuel or work as one job. 


b. : Fuel consumption apparently varies with the magnitude of the force exerted and 
the distance through which the force acts. Work is defined as the product of force X 
distance. The joule is defined as the unit of work when the force is expressed in newtons 
and the distance through which the force acts is expressed in meters. 


c. The quantity of work is independent of the time a force acts. 


d. A force which does not move an object does no work. Work is done only when a 
force act parallel to the displacement. 


EMPHASIS This is very important material, and will require about two, perhaps three, 
class periods for development. It will be wise not to try to define energy in terms of 
work. Let the concept grow during this and the next two chapters. However, this is the 
time for an exact definition of work, since work is a purely mechanical concept. 


DEVELOPMENT Students will generally accept the idea of fuel consumption being a 
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quantitative measure of something, at least the cost of doing a particular job. This is a 
good idea to stress, since, after all, the law of conservation of energy, which we are 
developing, is little more than a total cost accounting of the full price (including hidden“ 
terms) of doing a wide variety of jobs. Cost is an intuitively quantitative concept, and 
the extrapolation from fuel consumption to the mechanical definition of work can be kept 
quantitative. 


The logic of the initial development of work and energy has been worked out carefully 
in the text, and it will be wise to follow this logic rather closely. Otherwise it is very 
easy to become trapped in circular dedinitions of *^work'' and “energy’’, apparently 
using the two terms to describe the same thing. The term '*work'' should be confined 
to external forces which change the energy of a System. The concept becomes terribly 
muddled if work is done by something inside the system, since then it is very difficult 
to isolate the agent or force doing the work (e.g., when a pendulum swings, energy is 
continually being converted from potential to kinetic and back — it makes no sense to 
speak of the pendulum doing work on itself, or on the gravitational field of the earth; the 
pendulum and earth constitute a system, and the total energy of the System does not 
change when the pendulum swings). 


COMMENTS Some students may be bothered by the idea that no work is done when a 
force is applied to an object which does not move. A steel girder holds up a building. It 
exerts a huge force, but moves nowhere. It requires no fuel. It is not doing work. Yet, 
all of us have at some time or other held a heavy load overhead, waiting for someone to 
lift it from us. It is hard to hold an appreciable load up there for more than a short 
time. It makes us tired. It is natural to want to say that we have worked. However, 
the only work that we have done is work against internal frictions (pumping blood), and 
generating heat by combustion. The result is that we heat our bodies, but we do no use- 
ful work on an outside system. 


We frequently find that our technical scientific vocabulary overlaps our less-precise 
everyday use of language. Watch out for ‘‘work’’. We have now given it a precise defini- 
tion. Students simply need to realize that ‘‘work’’ in physics does not cover many of 
the ideas for which it is used colloquially. Solving a problem is hard work’’, but the 
energy consumed is very small. 


Work is only one method of energy transfer. Others will be developed in the follow- 


ing chapters. 
* * * 


Work is done only by that component of a force which lies along the direction of the 
displacement. The text develops this idea by pointing out that no fuel is consumed when 
an object slides at constant speed across a frictionless table. The force exerted by the 
table in supporting the object is perpendicular to the motion, and does no work. (See 
Appendix 6 at the back of this- volume of the Guide for a discussion of work as the dot 
product of two vectors.) 


The same problem can also be approached from the point of view of the final state of 
the system. Has the energy content been changed by the action of a force? Consider a 
dry-ice puck held by a string so that it moves in a circle of constant radius. Again, this 
is a case of a constant force acting perpendicular to the motion. Suppose a flame burns 
through the string after 5 revolutions. The puck flies off tangentially with the speed it 
had in its circular travel. Now repeat the experiment, but this time burn through the 
String after 10 revolutions. The centripetal force has acted twice as long in this case. 
It has been accelerating the puck continuously. Yet the puck still flies off in exactly 
the same way as the first time. The force acted perpendicularly to the direction of 
motion. No work was done. $ à a 


The text points out that the work done depends only on the force and the distance 
moved in the direction of the force, but not on the time that the force acts. Some stu- 
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dents may not feel comfortable with this assertion because they will think of examples 
where time seems to be a factor (e.g., it takes more gasoline to drive a given distance 
at 60 mph than at 30 mph). The difference in fuel consumption is not associated with 
the difference in kinetic energy of the car in the two cases. Initial and final kinetic 
energies are zero in both cases. Frictional forces encountered in moving one solid 
across another (e.g., tires on a road) are essentially independent of the speed of the 
object, so tire friction does not affect the difference in fuel consumption. The answer 
lies in the effects of fluid friction, the drag of the air on the car, and the drag between 
various parts of the car and the lubricating oil. When a body is moved through a fluid, 
the frictional force increases with the speed of the body, roughly in proportion to the 
Speed. (Itis this same drag effect that is responsible for the phenomenon of terminal 
velocity.) Thus a high-speed car uses more fuel than a slow car in covering the same 
distance, because a larger force must be applied to move the fast car at constant speed 
against its frictional load than is needed for the slow car. Thus more work is done by 
the fast car, and more fuel is consumed. 


QUIZ PROBLEMS 


1. Calculate the work done by a boy who pulls a sled a distance of 20 m while exerting 
a 100-newton force on a rope which makes an angle of 45° with the horizontal. (1000/2 joules) 


2. A man pulls a 20-kg mass up a frictionless inclined plane which makes an angle of 
30* with the ground. He moves the mass to a point 5.0 meters in height above the floor. 


(3) How much work has he done? (980 joules) 
(b) How large a force was required to raise the mass? (98 newtons) 
(c) How far was the mass moved along the plane? (10 m) 


(d) How much work would be required to do the same job if the plane were not 
frictionless, but instead exerted a constant retarding force of 50 newtons along 
the plane? (1480 joules) 


3. How much work is done by a man who takes a 7.5-kg bowling ball and bag from a 
Shelf 2.0 m high and lowers it to the floor? (150 joules is done on the man by the ball) 


4. How much work is required to carry a 15-kg suitcase a horizontal distance of 
50m? (Zero) 


5. A 60-kg boy pushes a 50-kg girl around a dance floor. He exerts an average force 
of 80 newtons on his partner. During the dance they move at a rate of 0.50 m/sec for 
5.0 minutes. How much work does the poor boy do? (12,000 joules) 


Section 4 — Kinetic Energy 
PURPOSE To introduce kinetic energy. 


CONTENT ; Work is a form of energy transfer. When work is done on an object in such 
a way that it starts the object in motion and produces no other change, then all of the 
energy transferred has become energy of motion, or kinetic energy. Then the work done 


is identically equal to the change in magnitude of the quantity mv”, This quantity is 


defined as the energy inherent in motion, kinetic energy. The same work will always 
produce the same change in kinetic energy, whether a small force acts through a great 
distance or a large force acts through a short distance. An object in motion can do work. 
The amount of work extracted in bringing an object to rest is equal to that which was ex- 


pended in producing the motion. . The kinetic energy of an object, J my", is an important 


parameter describing a dynamical characteristic of the object. It does not depend in any 
way on the history of how the object reached that condition. 


"» 
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EMPHASIS These ideas are basic to an understanding of kinetic energy. At least one 
full class period should be spent in discussing this section. 


DEVELOPMENT This section introduces the first quantitative definition of any of the 
forms of energy. To give students a good feeling for kinetic energy and its relationship 
to work, it will be worthwhile to follow through a number of examples in class. The text 
suggests a pattern. As a beginning, you might work through in detail the examples ofa 
1-kg mass accelerated by a 5-newton force acting through 10 meters, and by a 10-new- 
ton force acting through 5 meters. Show that the same work is done and the same kinetic 
energy is developed in the two cases. 

* * * 

Students sometimes have difficulty in understanding that kinetic energy is a completely 
different physical quantity from momentum. This difference should be clarified. The 
following two examples may be helpful. The first example develops kinetic energy as a 
property of motion. The example shows how the same work performed in two different 
cases produces the same change in kinetic energy, but quite different changes in momen- 
tum. The second example emphasizes the different properties of two objects moving 
with the same momenta but widely different energies. 


Example 1. a) Let a force of 1500 newtons act through a distance of 200 meters on a 
1500-kg car which starts from rest. The work done is 


fs ae, sf 5 
Wy = Fix = 1500 X200 = 3 X 10 joules. 


To find the final speed of the car after it has traveled these 200 meters, we note that 
the acceleration was 


F. 
a aai 42000. 1m/sec?, 80 that 


2 E 2 
v 211 400 m/sec“, and 
v, = 20 meters/sec. 


The momentum of the car will be 
p, = mv, = 1500 * 20 = 3X 104 kg-m/sec. 


The kinetic energy will be 


1 208 5 
=e == x -3X10 joules, 
®, gmv 2 1500 X 400 j * 


which is equal to Wi; the work which was done (see above). 


b) Now let a 1500-newton force act again, in the same direction, through 200 more 
meters. 


(E 


5 
= = x 200 = 3 X 10° joules. 
We Fx 1500 X 20 j 


To find the final speed we note that the acceleration again is 
2 
= 1 meter/sec’. 


The final speed Vo: is given by 
: v2 = v2 gage = 400 + 215 200 = 800 m/sec". 
2 


poke 28.3 m/sec. 
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The new momentum of the car will be 
Po = mv, = 1500 X 28.3 = 4.24 x 105 kg-m/seo. 


Thus the change in momentum during the second acceleration interval was 
(hz = Pp - pi = 1.24 X 10* kg-m/sec. 


Whereas as a result of the initial acceleration 
(Ap), = p, - p, = 3 X 10 kg-m/sec. 


The final kinetic energy will be 
1 2 1 5 
== == = x à 
Cy, 2 mw: 21500 & 800 = 6 X 10” joules 


change in momentum was quite different. In each case, 
A(Ey) = W 3 X 10? joules. 


Why should this be? In the first period, the car accelerated from zero Speed to 20 m/sec 
with constant acceleration. Therefore the elapsed time must have been 


41720 v3 at, =0+(1 Xt), 
vi t = 20 seconds. 


The elapsed time during the second acceleration must have been 


v= 28.3 = Yi + aot, = 20+ (1 Xt), 


D D tz 7 8.3 seconds. 


Thus although identical forces acted through identical distances, the time these forces 
were applied was quite different in the two cases. This is because, for the second accel- 
eration,there was a large initial velocity which resulted in the given distance being covered 
in a much shorter time. As was Shown in Chapter 23, change of momentum stems from 
an impulse. In the two intervals in question, the work done was the same, but the im- 
pulse, force X time, was quite different. 


Example 2. In order to emphasize the difference between the two measures of motion, 
momentum and energy, it is often helpful to cite an example such as a 100-gram bullet 
and a 1500-kilogram car, each Striking a block of wood. The bullet might have an initial 
Speed of 300 meters per second; the car, .02 meters per second. Thus both have an 


initial momentum of 30 kg-meters/sec, but the bullet's kinetic energy would be (E 


3 3m 
4.5 X10' joules whereas for the car, (Ej) = 0.3 joules. This difference in kinetic 


c 
energies results in the car giving the block of wood a slight nudge while the bullet, with 
the same momentum but much more energy, rips the wood apart. 


It is interesting to recall an argument which arose in the 18th cehtury. Descartes, 
the French philosopher and mathematician, proposed that the quantity mv was an impor- 
tant characteristic of a moving body, and was a constant for an isolated body. The 
German philosopher and mathematician, Leibnitz, attacked him bitterly, claiming that 
Descartes was wrong = the important quantity was mv?, not mv. As we can see now, 
both were right, but were talking about completely different properties. 


Another interesting and sometimes confusing point about changes in kinetic energy 


Thus the change in Ek was the same during both acceleration intervals while the 


087088 5a 4 
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concerns their measurement in different frames of reference which move relative to 

each other. The kinetic energy of an object is a relative thing. With respect to a viewer 

in a moving train, a baseball has a very different velocity (and therefore also momen- 

tum and kinetic energy) than it has relative to a ground observer. Since momentum varies 
with the first power of the velocity, changes in momentum are the same in any observer’s 
system. However, kinetic energy varies with the square of the velocity, therefore changes 
in kinetic energy are different when viewed from different frames of reference. The follow- 
ing example illustrates this situation. 


Example 3. Picture a man riding on a flatear of a freight train. Suppose it to be 
moving at 10 m/sec. He throws a baseball in the direction of the train’s motion exerting 
a 50-newton force throughout a 1-meter motion of his band. The ball attains a speed 
of 10 m/sec relative to the flatcar. The kinetic energy of the ball relative to the flat- 


1 2 
car is 2 X 1kg X (10 m/sec)“ = 50 joules. But to an observer on the ground, what appears 


to have happened? The ball initially was moving with a speed of 10 m/sec as a result of 
the motion of the flatcar. Its original kinetic energy was therefore 50 joules. After the 
man threw it, it had a speed of 20 meters per second. Its new kinetic energy was there- 


fore x 1kg X (20 m/ seo)? = 200 joules, and its change of kinetic energy, in the throwing 


process, was 200 - 50 = 150 joules. What is the source of the work that produced this 
energy change? The force which acted on the ball was still 50 newtons. However, the 
distance through which the force acted is quite different as seen from the ground. It 
can be calculated as follows. 

On the train, the man's hand moved through 1 meter. If his force was constant, the 
acceleration was constant. His hand's final speed was 10 m/sec. Thus the average 


id 
Speed was 5 m/sec and the time of the acceleration was t =£ 5 seconds. Now in 1/5 


Seconds the train itself moved 1/5 X 10 = 2 meters relative to a ground observer. There- 
fore in pushing the ball, the man’s arm moved 1 meter as a result of his own motion 

and 2 meters as a result of the train’s motion, a total of 3 meters relative to the ground 
observer. Thus the work done from the ground observer's point of view was 50 newtons X 
3 meters - 150 joules, just equal to his observation of the change in kinetic energy. This 
is not a fictitious amount of work. The man did only 50 joules in pushing with a 50-new- 
ton force through 1 meter. But the man's feet pushed back on the train, and the train 
pushed forward on his feet, with this same 50-newton force. While exerting this force 

on the man's feet the train traveled 2 meters. Thus the train itself supplied 100 joules 

of the work done on the ball. This work came from the energy liberated from the burn- 
ing of the train's fuel. 


QUIZ PROBLEMS 
1. A 10-kg mass is moving with a constant speed of 10 m/sec. 
a) How much work must be done to double the speed to 20 m/sec? (1500 joules is 
transferred to the moving mass) 
b) How much work must be done to halve its speed to 5.0 m/sec? (-375 joules is 


transferred from the moving mass) t 
2. A constant 20-newton force acts for 10 seconds on a 5.0-kg object which is initially 


at rest. 
(3) What is the object's final momentum? (200 kg-m/ seo) 
(b) What is the object's final kinetic energy? (4000 joules) 
(c) How much work was done in accelerating the body? (4000 joules) 


3. A force which increases from 0 to 100 newtons at a rate of 10 newtons/sec acts on 
a body for 10 sec. 12,500 joules of work are done by this force in accelerating the body 


from rest to a final speed of 50 m/sec. 
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(a) What is the mass of the body? (10kg) 


(b) How large a constant force would have been required to give the body the same 
final speed if the force acted during one meter of travel? (12,500 nt) 


4. A 2.0-kg mass moving at a speed of 20 m/sec has the same momentum as a 10-kg mass. 


(a) What is the speed of the 10-kg mass? (4 m/sec) 
(b) What is the kinetic energy of each of the masses? (400 joules, 80 joules) 


5. A 10-kg body has a kinetic energy of 500 joules. What is its momentum? 
(100 kg-m/sec) 


6. A 10-kg body at rest on a frictionless table receives an impulse of 30 newton-sec. 
What is its final kinetic energy? (45 joules) 


7. With what kinetic energy does a 2-kg rock strike the ground if it falls from a height 
of (a) 5m? (b) 10m? (c) 20m? (d) Compare the momenta of the rock Just before 
Striking the ground for each of the cases (3), (b), and (o). 

a 100 joules; b 200 joules; c 40 joules; d mv(20m)-.J2x mv(10m) = 
2 X mv(5m). 


Section 5 — The Transfer of Kinetic Energy from One Mass to Another 
Section 6 — Another Look at a Simple Collision 
Section 7 — Conservation of Kinetic Energy in Elastic Interactions 


“PURPOSE To show that kinetic energy is conserved when the force of interaction depends 
only on the distance of Separation of the interacting masses, 


CONTENT In collisions between two bodies the total kinetic energy of the system is the 
same before and after the collision. However, the kinetic energy may change during the 
interaction. When the force is repulsive, the amount of kinetic energy which ‘‘disappears”’ 


when the separation distance decreases, the total kinetic energy decreases. The total 

kinetic energy increases when the Separation distance increases. The criterion for an 

“elastic’”’ collision is that the force between two objects be a function only of their distance 

of separation. Then, after interaction is complete, the total kinetic energy is the same as 
ed, 


EMPHASIS The point of these sections is important and somewhat difficult. Plan to 
Spend at least one full day in class discussio , even if you completely omit the general 


Solution of Section 7. Fora full treatment of the entire unit, allow at least 3 days class 
discussion. 


LABORATORY Experiment II-11, Slow Collisions, should be integrated with class dis- 
cussion of Sections 5 through 7. 


DEVELOPMENT The example illustrated in Figures 24-8 and 24-9 can be reviewed in 
class after students have Studied Sections 6 and 7 


purpose. As the bumpers hit, Springs are compressed. If this is all that happened there 
would be no difficulty. As the Springs re-extend themselves, the force would repeat the 


— 


o 


Sr 


26 
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The following type of discussion briefly 
recapitulates and may facilitate understand- "E ct the 
ing the problem discussed in the text and — Ax, +i beginning 


illustrated in Figures 24-8 and 24-10. Con- of interval 
sider Figure 24-10 from the text. We will 
begin with the analysis that is made in the 
caption for that figure. 


at the end 
of interval 
m 


Ax, = distance moved by m, during interval between t. and LE 
Ax, = distance moved by m, during interval between to and ti 
S = distance of separation of m, and m, at time to 
As = the change in s during the time interval between to and ty 


From the figure, it can be seen that: 
s+ Ax, = Ax, + (s + As), or 
As = Ax, - Ax,. 
As pointed out in the text, when m, moves through Ax, it does so against the retarding 


force F. Therefore it loses kinetic energy. The change is equal to the work done: 


(AEQ. = -FAX,. 


For ma, the force, F, is an accelerating force, and the change in its kinetic energy 


is given by 
ie id FAN. 


The total change in kinetic energy of the two masses is simply the sum of the indi- 


vidual changes: 
(AEK) = FAx, - FAx, = F(Ax, - Ax) = FAs. 
total 

During any short interval of the interaction of two objects, the change in kinetic 
energy is given by F (t) As where F (t) is the force which is acting and As is the change 
in the separation distance. F is written here as F (t) to show that in general it will be 
different at various times during the interaction. In this case which involves a repulsive 
force, the kinetic energy decreases when As is decreasing, and kinetic energy increases 
when As is increasing. If the interaction force is determined only by the separation of 
the two objects, then we can write F (t) as F (s). Then, as two mutually-repelling objects 
part from a separation distance, 8, to s+ AS, the change in the total kinetic energy will 
be exactly equal and opposite to the change in their total kinetic energy which occurred 
as they approached each other from a separation, 8 + As, to a separation, s. This is 
true because the forces were identical at these two instants—because F was a unique 
function of s. Whenever this is true, kinetic energy will be conserved over the full 


course of a collision (but not at every instant during the collision). Collisions between 


objects whose interaction forces are of this type are called elastic collisions. 


inelastic. The example 
COM be asked to explain why most collisions are 
of the pene a simple case. A more subtle example is that of a rubber ball. We 


know that when a rubber ball is dropped, it does not bounce to its initial height. The 
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. collision is not perfectly elastic. But the ball does return perfectly to its original Shape. 
This is another case where we must watch our vocabulary. Colloquially, the word 
elastic“ is used to refer to the property of a rubber ball that returns it to its original 
Shape. This is a necessary condition for an elastic collision. But it is not a Sufficient 
condition. Rubber is a material in which there are appreciable internal forces of 
friction associated with any deformation. 

The analogous behavior of a pogo stick’? 
may help see what happens in the case of a 
rubber ball. It is a little easier to separate 
the forces acting on the various parts of a 
pogo stick than those on a rubber ball of 
uniform composition. A pogo stick can be 
thought of as a stick coupled to a platform 
through an ideal (lossless) spring, but 
with the motion of the stick relative to the spring 
platform involving appreciable friction. 


f platform 
Consider the forces acting on the part of 
the stick to which the platform is attached. Stick Source of 
friction 


When the pogo stick hits the ground, com- 
pression of the spring begins. At some given 
compression point of the spring on the down- 

ward motion, the forces acting are shown at —-- 
the right. 


The spring eventually reaches maximum 
compression, and the platform then starts 
moving up. At the same point of absolute 
compression as that considered on the down- —-- 
ward motion above, F Spring is the same as 


net force on 
platform 


friction _ 


above. But now the force of friction is re- GE = ate: 
versed, and the net force as As increases is F net force on 
less than the net force acting as As decreases. * platform 
This relation between the forces is shown at C 3 

the right. 2 r 


In the same way, the net force acting on the ball at any separation distance, s, as it 
approaches the floor is greater than that which acts on it at the same distance, s, as it 
leaves the floor. The force does not depend only on the distance between the ball and 
floor, but also on the direction in which the ball is moving relative to the floor. Kinetic 
energy disappears, dissipated in internal heat in the ball. You might ask your students 
if any of them have ever felt a squash ball or a handball after it has been batted around for 
awhile. The temperature rise is striking. 


QUIZ PROBLEMS 


1. A 200-gm ball, moving at 6.0 m/sec, approaches a second ball head on. The 
second ball has a mass of 100 grams. While the balls are within 5.0 cm of each other, 
the repel each other with a constant force of 40 newtons. The second ball leaves the 
collision with a speed of 8.0 m/sec. 


(a) How much kinetic energy does the second ball gain in the collision? 
(3.2 kg-m"/sec? or 3.2 joules) 

(b) What is the kinetic energy of the first ball after the collision? 
(0.4 kg-m"/sec? or 0.4 joules) 
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(c) How far did each ball move during the collision, i.e., while they remained 
within 5.0 em of each other? (8.0cm) 


2. A block having a mass of 5.0 kg slides on a frictionless surface with a speed of 
1.0 m/sec toward a second block which is at rest. The second block has a mass of 
1.0kg. When the separation of two blocks is 10cm and less, they repel one another 
with a force of 50 newtons. 


(a) What is the magnitude and direction of the acceleration of each block while they 
are colliding, i.e., closer together than 10 cm? 


(a, = 10 m/ sec’, backward; a, = 50 m/ sec’, forward) 


(0) The beginning of the collision is at the instant when the two blocks first get 
within 10cm of each other. From their positions at that instant, how far will each 
block move in 1/60 sec? In 1/30 sec? : 


1/60 sec 1/30 sec 
ll clem 5 „ m 
Ax, 712 x 60 = 0.015 m, and 6 x 30 m 0.028 m. 
5 I e MNA 
Ax, = T3 XG m = 0.0070 m, and 6 30 m = 0.028 m. 


(c) Calculate the change in the total kinetic energy 1/60 sec after the beginning of 
the collision, and 1/30 sec after the beginning of the collision. 


[D tori va 2t Se 
1/60 sec: (AE - 90 (18x85 E) 
1 12 60 12 60 


1 8 s = 
= -50 X3 x 60 12 newton- meters = 0.42 joules. 


1/30 sec: (AE) 7 0 joules. 
total 


3. A 10-kg mass moving with a speed of 5.0 m/sec collides elastically with a 5.0 kg 
mass which in initially at rest. What is the final kinetic energy of the system? (125 joules) 


Section 8— Kinetic Energy and Momentum 


PURPOSE AND CONTENT To show that the application of conservation of energy and 
conservation of momentum to elastic head-on collisions enables us to solve for the final 
velocities without kncwing the details of the force of interaction. An application of this 
method is illustrated in Chadwick's discovery of the neutron. 
EMPHASIS The ideas of this and the following sections of this chapter are important, but 
they are more in the nature of an application of previous ideas than of basic building 
blocks for future developments. The complete solution of the elastic collision is interest- 
ing and useful, but somewhat difficult. About 2 class periods will be required for a mini- 
mum treatment of the elastic collision and summarizing the ideas of the entire chapter. 
tudying ‘‘collisions’’. A 
COMMENT Some students may not see the importance of study: 
wide variety of problems in modern physics basically concern what is called the two- 
body problem. Problems dealing with the orbit of a planet around the sun, the dynamics 
of a rocket, and the collision between two protons are examples of the two-body problem. 
Fortunately this relatively simple physical situation, the interaction of two objects, has 
rather broad applicability. The general problem which involves the interaction of more 
than two bodies can still not be solved exactly. : 
i lved by applying 
= dealing with the motions of the planets can be 80 
We P 80 solutions for the motion along successive very small 
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intervals of an orbit. This kind of solution is possible because the interaction force is 
well defined at all points of space by the law of universal gravitation. Even so, the pro- 
cedure is a tedious one. In the case of the propulsion of a rocket, or of'the collision of 
two protons, a solution by application of F = má is impossible because the interaction 
force is not known. We can make considerable progress with these problems through 
the use of the conservation laws. When the collision is elastic, we can use the conser- 


vation of momentum and of kinetic energy. 


DEVELOPMENT Class discussion could begin with an analysis of a head-on collision of 
mi and m, m, being initially at rest and mi approaching with the velocity, ME The 


total momentum before the collision must then be mQv,. 


After the collision, m, and m, will have velocities vi and ME respectively (both in 
the same direction as VI) The principle of momentum conservation indicates that 
(1) m,y = mi vi 4 mvz. However this does not give a solution to the problem. That is, 
knowing the quantities mi, ma, and MI Still does not enable us to predict final values of 
vi and ME There is an infinite number of combinations which will Satisfy the momentum 
equation. For any arbitrary vi there is a corresponding value of vs that will satisfy 


momentum conservation. To see this clearly, consider the case where m; =m, m. 
Then the equation becomes: ; 
(2) my, = m(vy + v3) or 


Vis ER , 
(3) Mp = Vi ME 


A few sample solutions would be: 
me ‘oy. 
vi 0, and v2 = v. 


t= LEY 
MI Vy and MA 0; 


v. v, 
T a il 2 

V1 2 and 225 etc. 

Thus there is no unique solution to the problem. In mathematical language, the difficulty 


is simply that there are two unknowns, vi and Vo but only one relationship between them, 


corresponding to momentum conservation. If a second equation is added, the indefiniteness 
of the solution can be removed. The equation that is available for an elastic collision 
is the one which expresses the conservation of kinetic energy: 


Dt 2.1 21 2 
(4) 2 mv, = 2 mv, + mv, > or 
E EUR M x 
(5) v= vi * vs < 
But we had, from momentum conservation, the relation: 
^- - 
(3) 2 MI vi 
Substituting in (5): 
= 872 25D 2 A 2 
Yi Viet m MU z i F MES 2711 i vi ? 


7 Lm 
Therefore Xp vi; or Vi 0. 
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In the first case, from (3), MA 70. Then we simply have not had a collision; m, has 
somehow passed m», and we can ignore this case. The other solution is vi 7 (0, and from 
(3). v37 MU the first ball stops and the second ball takes on the initial velocity of the first. 


Students should notice that the solution has been found without any detailed knowledge 
of the force law between m4 and ma. It is only necessary that the interaction be elastic. 


(Appendix 7 to the Guide for this volume treats the non-head-on collision of two equal 


masses.) 
* * * 


DEMONSTRATION There is a good standard demonstration that illustrates the uniqueness 
of the solution to this type of problem. A 
row of billiard balls or golf balls is sus- 
pended with strings tied to a bar so that 
they hang in contact with each other as in 
the figure at the right. 


Draw back one ball and let the class guess 
the solution to the problem. If the one ball 
has a velocity, v, when it hits, what will happen 
at the other end? With momentum conservation only, we could have one ball bounce off 
with velocity, v; two balls with v/2, three with v/3, etc. Applying conservation of kinetic 
energy we find that only the one-ball solution works. _If the balls are fairly elastic, this will 
turn out to be the case experimentally. Likewise, if two balls are drawn back initially, 
the only possible solution is for two to bounce off, etc. 

* * * 

Your students may wonder if these two conservation laws can be used to analyze 

collisions that are not head-on. You ean indicate the method of attack as follows. 


We can choose the x-axis as the direction of the incoming particle. Then the x-com- 
ponents of the two particles’ momentum after the collision must add up to the initial momen- 
tum: P D , 1 

mV, = mViy * x 00 


After the collision, both particles must move in the same plane since whatever momenta 
they possess that is not parallel to the x-axis must add up to zero (two vectors not in the 
same plane cannot add up to an x-component plus zero). Let us call the plane of motion 
after the collision the x-y plane. Then 


un a , 3 + 
my =0 mv y* moy 


and the velocities perpendicular to the x-y plane are all zero: 
Yep Yarn Yale (2) 


Equations (1) and (2) express the conservation of momentum. 
The conservation of energy can be expressed as 
1 Din epe 2 
zm Zivi im? 2 mi UI viy) 2 * ay ?) (3) 
These three equations enable us to solve for three unknowns — the other three quantities 
in the See must be measured. For example, if a particle known to be a neutron 
(m, known) were to strike a proton in a cloud chamber, the visible tracks of the proton 


would enable us to measure vy, and Voy" We could then calculate the initial and final 


velocities of the invisible neutron, vi, Vy, and Vy. 


2 
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QUIZ PROBLEMS 

1. A 10-kg mass moving with a speed of 5 m/sec collides head-on with a stationary 
10-kg mass. The collision is elastic. What is the final velocity of each of the masses? 
(0, 5m/sec) 

2. A 2-kg mass moving at a speed of 20 m/sec collides elastically, head-on, with a 
5-kg mass initially at rest. Find the final speeds and directions of both masses. 


(2kg: - 2 m/sec; 5kg: +50 m/sec) 


3. A 10-kg mass moving toward the right with a speed of 5m/sec collides elastically, 
head-on with a second 10-kg mass moving initially at 10 m/sec to the left. What is the 
final velocity of each of the masses? (10 m/sec left, 5m/sec right) 


4. A 5-kg mass moving at 4m/sec strikes a glancing blow on a stationary 5-kg mass, 
The collision is elastic. After the collision one mass leaves at 45° to the incident direc- 
tion. What is the final velocity of each mass (magnitude and direction)? (2V2m/sec at 


+45° , 2/2 m/sec at -45°) 


Section 9 — Work and Kinetic Energy When More Than One Force Acts 


PURPOSE To show that the kinetic energy transferred to or from a body when several 
forces act on it is the same as the energy that would be transferred if the resultant of 
those forces acted on the body for the same part of the motion. 


CONTENT The conclusion stated above is based on a consideration of the action of the 
components of the forces along one direction of motion at a time. 


EMPHASIS This section is simply a comment which generalizes the conclusions from 
the previous consideration of single interactions. 


Section 10 — Loss of Kinetic Energy in a Frictional Interaction 


PURPOSE To show that if a frictional force acts on a body, some of the energy transferred 
may go into heat rather than into kinetic energy. 


CONTENT Two examples are carefully chosen for this discussion. This topic is sticky 

in more ways than one, so additional examples should be chosen with care to avoid getting 
Involved in time-consuming and premature explanations. (This section leads toward the : 
next chapter.) The first example is of a block Sliding on a table. The table doesn't move 

but the block exerts a force on it, and the block is slowing down. Where does the lost“ 
kinetic energy of the block go? Into kinetic energy of the molecules of the table, that is, 
heat. Notice that the '*collision'' of the block with the table is different from an elastic 
collision; the force depends on the velocity of the block, not its position relative to the table 


The second example is the bouncing of a ball of putty. Here the ball deforms during 
the collision so the force on rebound behaves differently from the force on impact. The 
net kinetic energy of the ball changes as a result of the collision, and the ball becomes 
warm — kinetic energy has been transferred to heat. 


Collisions of this type are called inelastic; they are characterized by an over all loss 
of kinetic energy of the bodies as a whole, and a gain of kinetic energy of internal motion 
of the molecules. 


DEVELOPMENT Problems 25, 26, 28, 29, 20, 31 and 34 in HDL relate to inelastic 
collisions. The following might help as a quiz problem. 


24-15 


A 20-kg mass moving at a speed of 3 m/sec collides inelastically with a stationary 
10-kg mass. The two stick together and move off at the same can. 


(a) What is the final speed of the two masses? 
(b) How much kinetic energy is lost“ in the collision? 


Solution: (a) m, = 20 kg 
m 10 kg 
v3 m/sec 


mv, = (m + mv, 


3 20 
F 


(b) Ex =4x 20x37 = 90 joules 
T 


Ek =x 30x2? 
1+2 


Hence, 30 joules of energy is lost“ in the collision. 


COMMENT It will be wise to make sure that students do not confuse the loss of kinetic 
energy into heat with the temporary ‘disappearance’? of kinetic energy during an elastic 
collision. They will learn in the next chapter that, in an elastic collision, **disappearing" 
kinetic energy is going into potential energy from whence it can return. Kinetic energy 


transferred into heat can be recovered only partially. 


= 60 joules. 
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Chapter 24 — Work and Kinetic Energy 
For Home, Desk and Lab — Answers to Problems 


The following table classifies problems according to their estimated level of difficulty 
and the sections to which they relate. Those which are especially suited to class dis- 
cussion are indicated. Problems which are particularly recommended are marked with 
an asterisk (*). j 


Answers to all problems which call for a numerical or short answer are given following 
the table. Detailed solutions are given on pages 24-18 to 24-37. 


Medium ` 


1, 2*, 4*, 5* 


4 


i0 13, 14, 15* 
21*, 22 


16*, 19 


6*, B*, 11* 


167 17, 21* 


j 3, 24, 25, 28, 31“ 
j SHORT ANSWERS i 

r 1. See discussion on page 24-12, 12. (a) 3.86 & 10 joules. 

2. (a) 6X 106 joules. (b) 3.86 X 10° joules. 


(c) No way of knowing. 


6 
6x10 ules. 
z " 13. (a) 39 joules. 


T 7. EE 160 newtons. 
i (b) Probably more, certainly not half. g sig 
: . (9) Na 14. (a) 40 newtons. 
3 "ui 10% : N 9 Perpendicular to the motion. 
5 (d) -1500 joules. i 15. 0 Y eren 
^ Quies. 
Š 0 9 2 irr (c) See discussion on page 24-24. 
: ) 0.2 jo s K 
1 J 6. (a) 30.0 joules. 16! (a) is her s )metors, 
b) 30.0 joules. 5 of 
0 5.48 165 ; i» 90 wi Ee 
Use 800. . 
| 7. Both 1200 joules. i () ¥, 11 0.08 m/sec; 
p 8. (e) (Ey) on 4 2 1215 0.08 m/8eo. 
(b) Equal. 17. (a) 4 joules. 
(c) Equal. (b) 14.5 joules. 
(d) Equal: (c) 38 joules. 
(e) (EQ -2 eS (d) 42 joules. 
^ f 18. 2.67 joules. 
i: 0 pry Ae 19. 0.020 joules/second. 
: 20. (a) 0.10m/sec for each body. 
né 8 pre (b) 1.5kg body: Forward 
1 0.5kg body: Backward. 
11. (a) -32 joules. 
(b) 8.0 meters. 21. 0.2% 


(c) 32 joules. 
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22. (a) 0.02 joules. (c) After proton collision, velocity 
(b) 1.0 joules. is 0. After nitrogen collision, 
9 50 joules. velocity is -2.9 X 10" m/sec. 
(e) When —2 is either very large or 28. (a) 5.0X 10* kg m/sec. 
PR (b) 0.67 m/sec. 
Tery, amal, (c) 5.0 x 10* joules, 
23. (a) y = 0.20 joules, 1-16  goutas, No. 
(EQ =0. 29. Yes, it heats your hands. 
b) en = 0.18 joules 30. See discussion on page 24-33. 
2 31. 78 joules. 
4 
n 32. (a) 5.0 newtons. 
2) n 9 (b) 12.5 joules. 
i "E reali e (c) 4.5 joules., 8.0 joules, Equal. 
(d) 0.083 m. 33. (a) Same as initial velocity. 
24. (a) Equal to initial. (b) 0. 
(b) Greater than initial. 34. (a) 0. 
25. (a) 0.22. b) 4.5 mW. 
(b) 0.70. T i152 
(c) 1.09. (c) Z my. 
2 
26. Yes. (d 4 mv 
7 3 
27. Y, = 3.. X 10 m/sec, (e) 3 mv 
© 1 e" (f) Difference due to energy 
Vy = 0. transferred from tail to 
(b 4.4 X 10° m/sec. head of rocket. 
COMMENTS AND SOLUTIONS 
PROBLEM 1 Coal is burned in æ city electric n pn 
F ives an 


electric generator, The city waver 
uses this electric supply to rua an electric motor 
P 

List, ip order, ad t ( 
-— a nergy changes 


a) Chemical energy of the coal is changed to thermal energy of the flame. 


b) The energy of the flame is transferred to the water, which takes the form of steam. 
From the microscopic view, the thermal energy of the steam resides in the kinetic 
energy of the steam molecules. They in turn impart kinetic energy to the turbine rotor 
by colliding with its vanes. The rotation of the turbine shaft turns the generator rotor, 
thus transferring some of the chemical energy of the fuel into electrical energy. 


c) Electrical energy is converted to kinetic energy by the electric motor which turns 
the pump. This kinetic energy is transferred to the water causing it to flow up into the 
standpipe. 

d) As the water rises into the Standpipe, it moves upward against the force of gravity, 
acquiring potential energy. Potential energy of the water in the Btandpipe can be con- 
verted into kinetic energy as it flows down out of the standpipe, through pipes, and out 
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PROBLEM 2 A cable pulls a car up a mountain with a force of 


4 X lo newtons at a of 5 m/sec, It takes 
the car 5 minutes to reach 
How much work is done in getting the car 
to the top of the 
(b) How much work would be done to get the 
car up the mountain if it traveled 2.5 


a) In going to the top of the mountain the car travels 5 min X 60 sec/min X 5 m/sec = 
1500 meters. The work done is equal to the force multiplied by the distance through 
which it acts. ; 


4X 19? newtons X 1500 m = 6 X 10° newton meters or joules. 


b) If the same force is required to pull the car up the mountain at the slower speed, 
both force and distance are the same for both speeds. Hence the work done in getting 
the car up the mountain at the slower speed would be the same as at the higher speed: 


6x 10° joules. (Sources of friction like bearings, pulleys, etc., usually exert less drag 
at slow spee 


than at high speeds. Hence, while the amount of work required to move 
the car up the mountain is the same regardless of speed, the amount of energy transferred 
into heat in bearings etc. will depend upon speed.) 


PROBLEM 3 A rotary snow plow uses four gallons of gasoline 


fol Jo plow 13 miles in twice the tima? Why! Be 
prepared to discuss your reason in class. 

a) Students should be able to solve this part of the problem even 1f they know nothing 
of the nature of a snow plow. In plowing 15 miles instead of 10 miles with no change of 
speed, all conditions are the same distance. Hence plowing 15 miles involves 
the same driving force acting through 3, 2 the distance, and the engine (or engines) will 
have to do 1 1/2 times the amount of work done in plowing 10 miles. Since the fuel re- 
quirement is proportional to the work done, 5 gallons of gasoline will be required. 


b) The energy required to do the same job is the same at both speeds, The energy 
required for other things (like heating the engine, bearings, and the surrounding air) 
varies with the speed of the plow and depends upon the design of the plow. There is no 
particular reason to expect the total fuel consumption to be cut in half. It may be 
greater or less than before depending upon the design of the plow. 

ater, consider what would happen when 
To see that the fuel requirement may be grent 1 


the time the plow runs 1s greatly 
just heating the engine and, eventually, far more of the surrounding air. 


PROBLEM 4 How much energy is transferred to a 15-kg suit- 


case while 
(a) you hold it 5.0 minutes, waiting for a bus? 
(b) you run with it a horizontal distance of 
10 tins a two seconds at coastant velocity 1a 
catching the 
you lift it 0.80 meter getting into the bus? 
(d) you carry it 20 meters down a ramp that 
makes an angle of 30 degrees with the horizontal? 


the fact that transfer of energy is measured by work, the 
prodat d E PEE Tu DE distanoe moved in the direction in which the force acts. 


a) Despite the tiring effect of holding a suite 


ase, you do no work and hence transfer 
no energy to the suitcase since work is defined as force 


X distance moved. If you 
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placed the suitcase on a stand while you waited for the bus, you would not think of the 
Stand as having transferred energy to the suitcase. 


b) Similarly, although not so obviously, you do no work and transfer no energy to the 
Suitcase while running with it along a horizontal path. (A negligible amount of work will 
be required to '*push"' the suitcase through the air). Work is only done when the force 
acts in the direction of the motion. As before, you can reason that if the suitcase was 
on frictionless wheels, you would not think of the sidewalk as transferring energy to the 
Suitcase while it rolls along on its wheels. 


c) When you lift the suitcase 0.80 meters, you exert a force of 15kg X 9.8nt/kg = 150 nt. i 
Since the force is in the direction of motion, you do 150 nt X 0.80 m or 120 joules of work, 
thereby transferring 120 joules of energy to the suitcase. 


d) When you carry the suitcase 20 meters down a ramp, its weight has a component of 
force along the direction of your motion down the ramp; it therefore does work on you. 
The component of the weight parallel to the ramp is 1/2 X 150 newtons; the distance down 
the ramp is 20 meters; the work done by the suitcase on you is 75 newtons X 20 m = 
1500 joules. A literal answer to part (d) would Say that the energy transferred to the 15kg 
Suitcase is -1500 joules. (This energy is transferred to you and to the ramp in the form 


PROBLEM 5 A meter stick, mass 0.20 kg, is lying on a table 
near two blocks 10 cm high (Fig. 24-17). 

(a) If you lift the stick, holding it horizontal, 
and put it on the blocks, how much work have 
you done? 

(b) 1f you lift one end and set it on one block, 
and then lift the other end, setting it on the other 
block, how much work have you done in moving 

the stick? 


3) If you lift the Stick, holding it horizon- 
tal, you are lifting the whole weight of the 
Stick and must be exerting a force of 0.20 kg 
X9.8nt/kg or 2.0nt. This force, moving 
the stick 10 cm in the direction of the force, 
does 2.0nt X0 im 0.2 joules of work. 


b) If you lift the stick one end at a time 
and put it up on the blocks, you have done 
the same amount of Work, but in two Steps. 
In the first Step you lift half of the weight 
of the stick, the table Supporting the other 
half of the weight; you thus do 


i X2.0ntX0.1m-0.1 joules of work. 


held up by the block on which it is resting. 

In this step you also do 9.1 joules of work, 
and the total work is 9.2 joules as before. 
(You can make the point that, although the 
energy transfer is accomplished in two steps, 
the energy transfer is the Same because the 
same job is done, 


sy 


PROBLEM 6 A force of 10.0 newtons acts on a 2.00-kg roller 
skate initially at rest on a frictionless table. The 
skate travels 3.00 meters while the force acts, 

(a) How much work is done? s 

(b) How much energy is transferred to the 
skate? 

(c) What is the final speed of the skate? 


a) The work done is 10.0 nts X 3.00 m = 30.0 joules. 

b) The energy transferred to the skate is measured by the work done, 30.0 joules. 

c) The final speed of the skate is obtained by knowing that the kinetic energy of the moving 
skate, E mv’, equals the energy that has been transferred to the skate: 


toe DD 
2 my = 30.0 joules, or v -4/ ^g = 5.48 m/sec. 


PROBLEM 7 Compare the work done in lifting a 6.0-kg mass 
20 meters and the kinetic energy of the same mass 
when it has fallen a distance of 20 meters from 
rest. 


The work done in lifting a 6.0 kg mass 20 meters is: 
6.0 kg X 9.8 nt/kg X 20 m = 1200 joules. 
When a 6 kg mass falls 20 meters under the force of its weight, its velocity is given by: 


v? = 2as = 2gh = 2 X 9.8nt/kg X 20 m = 400 (m/sec)? 
The kinetic energy of the falling 6.0-kg mass is: 


E, - dmv? = 5 x 6kg x 400 (m/sec)? = 1200 joules. 
The kinetic energy gained by a body in falling from a certain height is thus shown to be 
equal to the work done in raising it to that height. 


Note. While the mass is being lifted, the net force on it (lifting force plus gravity) is 
zero. Therefore no energy is transferred to kinetic energy during that process. How- 
ever, energy evidently is transferred from the lifter to some stored form which can later 


(upon dropping) be transferred to kinetic energy. 


PROBLEM 8 Compare the kinetic energies of two objects, A 
` and B, identical in every respect except one. 
Assume that the single difference is: 
(a) A has twice the velocity of B. 
(b) A moves north, B south. BS 
(c) A moves in a circle, B in a straight line. 
(d) Aisa projectile falling vertically downward; 
B is a projectile moving vertically upward at the 
same speed. 
(e) ppm. of two separate pieces attached 
by a light string, each equal in mass to the mass 
of B. 


mv?, A has 22 or 4 times the kinetic energy of B. 


1 
a) Since the kinetic energy is > 


b) Kinetic energy is a scalar, independent of direction; hence the kinetic energy of A 


is equal to that of B. 
c) Sameas(b), the kinetic energies are equal, since the magnitudes/ofthevelcpitieg 
are equal. 


| 
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d) Again, same as (b). the kinetic energies are equal, since the magnitudes of the 
velocities are equal. (Of course, in this case, the kinetic energies will not be equal a 
moment later, since that of A is increasing, while that of B is decreasing. ) 

e) Since the mass of A is twice that of B, the kinetic energy of A is twice that of B. 

PROBLEM 9 A force of 30 newtons accelerates a 2.0-kg object 
from rest for a distance of 3.0 meters along a level, 
frictionless surface; the force then changes to 
15 newtons and acts for an additional 2.0 meters, 


(a) What is the final kineticenergy of theobject? 
(b) How fast is it moving? 


a) The kinetic energy of the object equals the energy transferred to it by the net force 
that acts on it. The energy transferred to the object equals the work done on it by the force: 
30 nt X 3.0 m + 15nt X 2.0 m = 120 joules. 
b) The object's speed can be determined by making use of the fact that its kinetic energy 


3 2 
is I mv : 


2 p 2XE 
2 k | [2X120 _ 
vea] = ML 11m/sec. 
PROBLEM 10 A force of 4.0 newtons applied at an angle of 45 


degrees with the horizontal accelerates a 2.0-kg 
Dry Ice «ise, initially at rest, for a distance of 
0.50 meter on a horizontal table. 

(a) Find the work done on the disc. 

(b) What is the velocity of the disc? 


a) The horizontal component of the 4.0 newton force has a magnitude of 4.0 X 0.707 = 
2,8 newtons. Since the dise moves in a horizontal plane, it is only this component of the 
4.0 newton force that does work transferring kinetic energy to the disc. This work is 


2.8 nt X 0.50m = 1.4 joules. 


b) The velocity of the disc is obtained from ER -i mv?. 
2E 
s E 
v S S = 1.2 m/sec 


(Note that the vertical component of the 4 newton force does no work on the disc; it merely 
relieves some of the weight of the disc from the table, or presses it down on the table, de- 
pending on whether the force is directed upward or downward at 45°. 


PROBLEM 11 A 3.0 kg mass moving 5.0 m/sec is acted upon by 
à force of 4.0 newtons opposite to the direction of 
motion, If the object is slowed to a speed of 
2.0 m/sec, what is 

(a) the change in kinetic energy? 

(b) thé distance moved while the force acts? 

(c) the energy gained by the system supplying 
the force? 


a) The kinetic energy of the mass before the force acts is 1/2 X 3.0 X 25.0 = 38 joules. 
The kinetic energy of the mass after the force acts is 1/2 * 3.0 X 4.0 = 6.0 joules. The 
change in kinetic energy is therefore -32 joules. 


speed is 
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b) Since the loss in kinetic energy is equal to the work done by the 3.0-kg mass, 


22 joules 
Fd = 32 joules, d 13 oues. = 8.0 meters. 


c) According to the law of conservation of energy, the energy gained by the system 
applying the force is equal to the loss in energy of the 3.0-kg DM. or 32 m 


PROBLEM 12 An automobile of mass 1000 kg is moving at 100 
km/hour. We read this speed on the iis Aa 
(a) What is its kinetic 
(b) How much work was done to provide this 
kinetic 
(c) Can you determine what force acted on the 
car to provide this kinetic energy? Can you de- 
termine thi what distance this force acted? 
Be ed to defend your answer in class. 


a) 100 km/hr = 10? m/3600 sec = 27.8 m/sec. The kinetic energy of a mass of 1000 kg 
moving at this speed is + X 1000 X (27,8)? = 3.86 X 10? joules, 


b) Just this much work must have been done to provide this kinetic energy, with the 
car starting from rest. (Much more work was done over all, since automobile engines 
transfer energy into the form of heat in the exhaust gases, heat in the bearings, etc.) 


c) There is no way of knowing what force acted on the ear, or through what distance it 
moved; we know only that the product of the force and the distance is 3.86 X 10° joules. 


Any combination of force and distance whose product is 3.86 X 10° joules would produce a 
speed of 100 km/hr. : 


PROBLEM 13 A 2.0-kg stone whirls around on the end of a 
0.50-m string with a velocity of 2.0 revolutions 
per second. y 
(a) What is its kinetic 
(b) What is the centripetal force on it? 
(c) How much work is done by the centripetal 1 
force in one revolution? 
a) To find the kinetic energy of the stone we have to know its speed as well as its mass. 
The stone traverses the circumference of a circle of radius 0.50 m in 1/2 sec. Hence its 


27R 27 0.50 _ 
T pud. n/ ec. 


Its kinetic energy is then: 


E," i X 2.0 kg X (2.07 m/sec)” = 4.077 = 39 joules. 


2 " 
2.0 X 39 
b) The centripetal force is F = > 0.50 * 160_newtons. 


€) No work Is done by the centripetal force since it always acts at right angles to the 


í direction of motion and thus has no component in the direction of motion. This is checked 


by the fact that the stone does not speed up; its kinetic energy does not change. 


24-24 


PROBLEM 14 A body moves along a curve with a constant 
kinetic energy of 10 joules. Part of the curve is 
the arc of a circle of radius 0.50 meter. 

(a) What is the net force acting on the body 
while in this part of the curve? 
(b) What is the direction of this force? 


2 
a) Since the centripetal force is given by F = ora and the kinetic energy, Ex · is 
2E 
que EK Boss 
2 m]. then F = R 9.50 40 newtons. 


b) Since the kinetic energy is constant, the speed must be constant, and the force re- 
quired to produce the deflection must be perpendicular to the motion, toward the center 
of the circle, 


PROBLEM 15 A man pulls with a string on a 20.0-kg mass ` 
initially at rest on the floor. He exerts a force of 
20.0 newtons horizontally, and the mass moves 
through 8.0 m. The mass then has a velocity of 
3.00 m/sec. 
(a) What is its final kinetic energy? 
(b) How much energy has been transferred 
from the man? 
^" (©) How do you in the difference in your 
answers to (a) and (b) 


a) The final kinetic energy of the mass is 1x 20.0 kg X (3.00 m/sec)” = 90.0 joules. ` 


b) On the other hand, the man has done 20.0 newtons X 8.0 meters = 160 joules of work. 


c) It is the net force X distance that gives the energy transfer into the kinetic energy 
of the body’s motion. From the difference in energies we conclude that the net force 
(on the average) is less than the force applied by the man; there must have been another 

ree acting, possibly frictional. 


PROBLEM 16 Fig. 24-8 illustrates the interaction of two bodies, 
m, and mi, where m, = 3m, The repulsive force 
Eis constant as long as the separation is less than 
the distance d, and the force is zero when the 
separation is greater than d. 

Suppose F is 6.0 newtons; d is 20 cm; m, is 
3.0 kg; and m; is 1.0 kg. Also, the initial speed 
v, Of m, is 16 cm/sec, 

(a) Find expressions for Ax, and Ax; (the dis- 
tances moved by m, and m; during the interaction) 
as a function of time 1. Use Newton's law and 
the relation Ax = of + jar. The initial speed, 
vi, is the speed v, for m, and zero for m, 

(b) x the end of the interaction the masses are 
again d apart and Ax, = Ax... How a ti 
does the interaction last? n a 

(c) Find expressions for »,' and vz’, the 
at the end of the interaction, in terms of v. Re- 
1 that for constant acceleration v = 11 

at. 


Curiosity may impel someone to ask whether m, hits My. If m, were fixed so that it 


could not move, then to hit My, m, would have to approach m, against a repulsive force of 


6 newtons for a distance of 0.2 m, thus losing 1.2 joules of energy. Since m, has a kinetic 
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1 2 
energy of only 2 X 3.0 X (0.16)" = .038 joules, it would stop before hitting m,, even if m, 
did not move. 


=F 
a) The acceleration of mi 18 = -2.0 m/sec’, the minus sign indicating m, is decel- 


1 
; 1 — 1 ( 
erating; Ax is then Ax, -0.16t- 2 * 2.0 X 2 =(0.16t — t?\meters. 


i; dE 2. 
The acceleration of m, is m, = 6.0 m/sec“; Ax, is then 


Ax, = 0 Zr 6.0 Xt? = 3.0 t? meters. 


b) To find the time at which AX, - AX, equate the two expressions found in part (a): 
Ax, = 0.16t- t? = Ax, = 3.0¢" 
4.ot? = .16t 


t = .04 seconds. 
c) In terms of MU at t = 0.04 sec: 


vis v,+ at=v, - (2.0 m/sec” X 0.04 sec) = v, - 0.08 m/sec 


vg = v+ at = 0+ (6.0 m/sec” X 0.04 sec) = 0.24 m/sec = v, + 0.08 m/sec. 


There is nothing mysterious about the fact that vi is less than v, by the same amount 
that v2 is greater than ME This comes about because the ratio of the two masses is 3/1. 
Hence Avo - 3Av,. s 


Note. This problem deals quite directly and thoroughly with the material in Section 24-6, 
Tt can be extended for class discussion to examine the loss in kinetic energy of m4 and 


the gain of energy of m, to show that they are equal. 


PROBLEM 17 A 3.0-kg mass accelerates from rest according to 
the force function shown in Fig. 24-18. What is 
the kinetic energy of the object at 
(a) s=2m? 
(b) s = 5m? 
(c) s = 13m? 
(d) s = 15m? 
The change in kinetic energy is equal to the work done. With a constant force, the 
work done 1 any distance interval is simply the product, force X distance. When the force 
varies with distance, the work can be found by calculating the area under tbe force vs. 


distance graph. 


In the graph below the area under the curve of Figure 24-18 has been divided into 
easily calculable segments. 4 
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n 
g 
3 
= 
v 
=i 
l 
v 
o 
8 
fa 
p 0 2 4 6 8 10 12 14 
Distance s in meters 
Figure 24-18 
A} 22 4 joules A,=3X4= 12 joules 
A, 2 = 4.5 joules Ag = 4%2= 8 joules 
1 : 
A, 2 * 3= 6 joules _ A, =5 %4%1=2 joules 
1 1 ^ 
== = j ==X2X4= ; 
A, 2 1.5 joules Ag 2 2 * 4 4 joules 


a) At 8 - 2m, At otal = Ai = 4 joules = Ey 


b) At s= 5m, A = A + A, + A, = 14.5 joules = E,, or E, = 15 joules, to two signifi- 
oa 1 : " k k cant figures. 


c) At s= 13m, Ar otal = 14.5 + 44 * As * Ac + Ay = 38 joules. 
d) Ats=15m, AL otal = 38+ Ag = 42 joules = E. 


PROBLEM 18 A 10.0-kg mass moves 2.00 meters against a re- 
tarding force that increases linearly by 4.00 new- 
tons for every 3.00 meters the mass moves (see 
Fig. 24-19). If the force is zero at the beginning, 
how much kinetic energy is lost? 

The energy lost by the 10.0-kg mass 
is measured by the work it does. The 
work done by the mass in pushing against a 
retarding force that changes with distance 
can be found from the area under the graph 
of force vs. distance. Between 0 and 2.00 
meters, E. = W= 1/2 X 2.67 newtons X 


2.00 meters = 2.67 newton-meters or joules. 


PROBLEM 19 ^ Two 3.0-kg bodies interact. At a given moment 
the first body is moving to the right at 0.50 m/sec 
and the second, body is moving to the right at 
0.30 m/sec, and so at that instant the speed of 
approach of one body as measured from the other 
is 0.20 m/sec. 

If the force of interaction is repulsive and equal 
to 0.10 newton, at what rate is the total kinetic 
energy decreasing at that time? 
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In a short time interval At, the first body moves a distance Ax, =v At while the second 
body moves a distance Ax, - vp At. The force of repulsion acts opposite to the direction of 


travel of the first body, but in the direction of travel of the second. Hence, during the 
given time interval, the kinetic energy of the first body decreases by FAx,, that of the second 
body increases by FAx,. Therefore the decrease in total kinetic energy is: 


= FAX, ~ FAx, = AE, 


and the rate at which kinetic energy is decreasing is AE, /At or: 


„5 A 
At At r 
= F(v, - Vo) = 0.10 newton X (0.50 - 0.30 m/sec) 
- = 0.020 joules/sec. is 


(Students may wonder what happens to the “lost?” kinetic energy, It has, of course, been 
stored as potential energy of the two-body system. This subject wili be discussed in the 
next chapter.) i ` 


PROBLEM 20 A 1.5-kg body is at\rest. ft is "hit" head on by 
a body of mass 0.50 kg moving with a speed of 
0.20 m/sec. The interaction force depends only 
on the separation of the two bodies. à 
{a} What is the final velocity of each body? 
(b) In what direction does each move aller the 
interaction? 


This problem can be worked out from scratch using the approach described in Section 
24-8. For students who do not go through that development, it serves as an exercise in 
the application of the equations that are derived in that section. i 5 


a) Taking m4 as the moving 0.50-kg body, and m, a8 the 1.5-kg body that is struck 


». 
H 


2m j f in 
C x 9:90 ER 0. 20 m/gec = 0.10 m/sec, 
2 m, * 17 2.0kg 


m. in 1 
1 72, 29:90-15kE 0 20 m/sec = -0.10 m/sec. 
m, tm, „ 2.0 kg — 

b) The significance of the positive sign in the answer for và is that ma, the second body 


i re the collision. 
(the struck one}, moves in the same direction the incident ball did before t 
The significance of the negative sign in the answer for vy is that mi, the incident ball 


(which is lighter), bounces back in the collision so that its final velocity is in the opposite 
direction from its velocity before the collision. 1 


PROBLEM 21 A moving electron "hits" a stationary proton 
head-on. The forces between the two depend on 

the separation only. (The mass of a proton is 

1840 times the mass of an electron) What frac- 

tion of the electron’s kinetic energy is transferred jj 
to the proton? ¥ 


Similarly, Mi = 


\ 


illustrates a collision where a light body strikes a 
body is much lighter than the heavy one. All we 
since we can write ! i 


This problem, like Problem 20, 
heavy one, except in this case, the light 
need to know about the masses is their ratio, 
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IAN 
2m B 
1 2 l= 
vis V. = vi, and v.“ = 
+ 1 m, 1 
2 mi f m 11 — 14+—2 
m, 1 
y 
m a 


In this problem, m, is the electron, 50 1840, and 
1 


-3 
— = * 
v Yi 1.086 X 10 MI 


e 
1 17 1840 1 18411 


Hence the electron recoils with . 999 of its incident speed and the proton acquired a for- 
ward speed of about 1/1000 that of the incident electron. 


2 3 
The initial electron kinetic energy was (E) = imi - The final proton kinetic energy 
e i 


= -.999 v, ` 


s D MS 2 M2 2 
is Ci = 2 2 va 73 1840 m, (daa) MEE 
6» (toa 
The ratio m2 = 2 lu, 1. 1640 (1341) 1642 6002172176, 


(E H 
v. Eje 
That is, the proton recoils with about 0.2% of the initial electron kinetic energy. 


PROBLEM 22 An object of mass m, = 2.0 kg moving with a 
kinetic energy of 1.0 joule collides head-on with 
an object of mass m; at rest. 

Assuming the force of interaction depends only 
on the separation, calculate the kinetic energy 
transferred if 

(a) m; = .01 kg. 

(b) m: = 20 kg. 

(c) m, = 400 kg. i 

What is the ratio of m, and m, when the transfer 
of kinetic energy is 

(d) a maximum? 

(c) very small? 
Note: To see this relationship more clearly, you 
may wish to find the energy transferred for addi- 
tional values of m, and make a graph. 


The kinetic energy of m, after the collision is: 


m, 
1 3 3 “ny 
= LE ait ane — — == =5 — —— 
r 21 m, 2 2 11 m,\ 2 
pn. ( a (K) 
2 4r 
=- rum) 
Er 


I 2 
where gv, is simply the initial kinetic energy of mi, 1 joule in this problem, and 
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r= m/ mi, the mass ratio. 


2201. 4r 020 f 
a) r= = .005, and ———> = ——- 
2 ; = .0198. 
a+ »? 1.01 . 


(Ep, = 0.02 X 1 joule = .02 joule. 


b = 1, and 5-421 | 
(1+ r) 
(Ep, = joule. 
400 Ar 800 
c) r= = 200, and ———z - 27554 = .02 
2 ? d 
ar 92 40201 


(Ej), = -02 X 1 joule = 0.02 joule. 


(Ey 
d) The graph of the function ü a = ee is given below, showing a maximum at 
+ 


2 (E 


m,/m, = 140 


1.0 
KE ratio 
(Ex) 
k 2 6 
(Ej) 
k 1 4 


g : 1 mass ratio mj/ m? 


all values both for very small and for very large r. (The 
The approach to zero for very large r 
1+ rr and the function becomes: 


€) The function has very sm 
zero value for r = 0 is easy to see analytically. 
can be understood as follows: When r is very large 


6 
, 
rud 


4 
and i goes to zero as r goes to infinity.) 


PROBLEM 23 A 5.0-kg body is at rest. A 10-kg body ap- 
proaches it with a velocity of 0.20 m/sec, The 


interaction force is zero when the separation is 
ter than 0.10 meter and is 4.0 newtons when 
the ion is less than this distance. (Note i 
that some of the answers in this problem are easier 
to get if you use the conservation of momentum.) 
(a) What is the kinetic energy of the masses 
before the interaction? 
(b) What will be the kinetic energy of each mass 
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after the interaction is complete? 
(c) What will be the kinetic energy of each mass 
when the separation is at a minimum? Recall that 
tlie speeds at minimum separation are equal. 
(d) What is the minimum separation? (Your 
answer to part (c) tells you the net loss of kinetic N 
energy of the two masses at minimum separation.) 


a) (EQ 2 mivi -3 X 10 (0.20)? = 0.20 joule. 
1 
i p 
(E). —$ mo =A 
2 
b) (Ey) - (EQ * (see Guide solution to Problem 22.) 
2 DL hr) 
(1+ yr) 


(p = $ X 0.20 joule = .18 joule, 


Since kinetic energy must be the same in the initial and final states (when the interaction 
force is zero); (Ej) = (B,) - 0.18 = 0.20 - 0.18 = 0.02 joule. 
1 i 


c) During the interaction period kinetic energy is not conserved. (Energy is temporarily 
Stored as potential energy.) However momentum is conserved since no external forces act. 
When the separation of the masses is a minimum, their velocities are equal. Let this 
velocity be denoted as v’’. Then the momentum of the two masses is: (m, + m,)v’’, and is 


equal to mV, by conservation of momentum. Hence v= N: The kinetic energy 
1 2 


1 2_ 1 m 2.9 
of the 10-kg mass at this time is then A m. v"? = sm, | ———— v. 
2 ZPR] m; * m, 1 


1 
"Asp est m, +m 
100. 


20 X 225 .089 joule. 


The kinetic energy of the 5.0-kg mass is similarly 


i m. m, 
im^ x (ims?) — 2 
(m, + m,) 


U 


E 


E: 50 : 
k, = 0.20 X328 7 0.044 joule. 


The tota] kinetic energy is .089 + .044 = .133 joule, which is less than th i 

n 1 » e original kinetic 
energy for the reason noted above. Since the original kineti 
net loss of kinetic energy is 0.067 joule. ii — 3 


d) Now that we know the kinetic energy gained b - i 
y the 5.0-kg mass and the kinetic energy 
lost by the 10-kg mass, we know the net kinetic energy lost by th 
> i 
work done against the interaction force: H E e te 
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FAs = -(AEQ, + (AE), 


-(AE,) + (AE) 
s 1 2 _ -0.111 + 0.044 _ 0.067 
—— e — 0 Wet (The negative sign for (AED indicates 


its decrease in kinetic energy.) 
As = -0.017 m. 


(Here the minus sign indicates that the distance of separation has decreased by 0.017 m.) 
Since As = -0.017 m, the minimum separation is 0.10 - 0.017 = 0.083 m. 


PROBLEM 24 An antiaircraft shell has a kinetic energy Ex and 
a momentum p. Just then it explodes. What can 
you say about: 

(a) the momentum of the pieces? 
(b) the kinetic energy of the pieces? 


3) Since no external force acts on the shell, the total momentum of the Shell must remain 
unchanged by the explosion. The vector sum of the momenta of all of the pieces is there- 
fore equal to the momentum of the shell just before it exploded. 


b) The total kinetic energy of the pieces must equal the kinetic energy of the shell plus 
the work done (the energy transferred into kinetic energy of the pieces) in the explosion, 
and so it is greater than the initial kinetic energy of the shell above. 


PROBLEM 28 (8) In Fig. 24-6 make the necessary measure- 
ments and calculate the ratio of the kinetic energy 
before and after impact of the billiard ball marked 
with the dot. 

(b) What fraction of the initial energy of the 
dotted ball is gained by the undotted ball? 

(c) Whatis the ratio of the total kinetic energy 
before the collision to the total kinetic energy 
after collision? 


3) From measuring distances on the figure (it will be hard to convert to actual distances 
because the scale is indistinct; conversion is not necessary in any case), the dotted ball 
originally moved 1.09 cm/flash. After the collision the dotted ball moved 0.51 om/flash. 
Since the kinetic energy is proportional to v2, the ratio of the kinetic energies of the 
dotted ball after and before the impact is 


2 
0.51 = 9.22. 
1985 B 


b) After the collision the undotted ball moves with à speed of 0.91 om/flash. Since 
ktnetie N 15 proportional to v^, and since the balls have equal masses, the fraction 


of the initial energy of the dotted ball gained by the undotted ball is 


2 
0:91. = 0.10. 
Yor 


Us is 0.22 + 0.70=0.92 
c) Afte llision the sum of the kinetic energies of the two ba 
of no medie 8% of the energy must have gone into heat, Thus, the kinetic 
energy before the collision is 1.09 of the kinetic energy after the collision. 


PROBLEM 26 A 3-kg bell with a speed of 6 m/sec strikes another 
K 3-kg ball moving 6 m/sec in the opposite direc- 
tion. After collision each ball has a velocity 
ual in magnitude but opposite in direction to its 
initial velocity. Is this an elastic collision? 
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This collision must have been elastic since the kinetic energy of each ball is the same 
after the collision as before. 1f any kinetic energy had been lost, the collision would have 
been inelastic. 


PROBLEM 27 In one of the experiments that led to the deter- 
mination of the mass of the neutron, Chadwick 
measured the velocity of protons that had been hit 
head-on by neutrons. The speed of the protons 
was 3.3 X 10' m/sec. 

(a) What was the speed of the neutrons before 
and after collision with the protons? 

(b) Chadwick also measured the speed of nitro- 
gen atoms hit head-on by the neutrons. What 
was it? 

(c) What was the velocity of the neutrons after 
each kind of collision? 


a) This is the case of a head-on collision of one object with another of equal mass, initially 
at rest. The kinetic energy of the projectile is entirely transmitted to the target. The pro- 
Jectile is brought to rest. Analytically: 


m, +m, 7 
= !-y!z 

vi 2m; Vg = V5 = 3.3 X 10. m/sec. 

1 v 

1 m,*m,i1 = 

b) m, = 14m, 
2m. 2m 7 

dad 1 1 2X3.3X10 6 
Va = ——— vy. = —— my. ——— = 4,4 * 10 m/sec. 
2 m, +m, 1 m,+14m, 1 15 


c) From part (a), after colliding head-on with a proton, the neutron's speed will be 0. 
After colliding head-on with nitrogen the neutron will have a velocity; 2 


m, - 14m 


t 1 7 
vi = m rim, * 3.3 * 10 = -2.9 x 10" m/sec. 
(l. e., after colliding with nitrogen, the neutrons bounce backward.) 


PROBLEM 28 An empty freight car A of mass 2.5 x 10* kg 
(25 tons) coasts along a horizontal track at 
20 rd s x couples to a stationary car B of 
mass $.0 x There is little fricti 
the brakes are of” ie aes 
(a) What is the initial momentum of car 4? 
(b) What is the speed of the two cars as they 
move along the track after the interaction? 
(c) What is the total kinetic energy before and 
ih ce ay Is this an example of an elastic 
ion’ 


v, =2.0m/sec, m, = 2.5 X 10^ kg, 
Vp 7 0, m, = 5.0 x 10*kg. 


8) pj = mv, = 5.0 X 10 kg m/sec. 


b) Pi = py, (m + ma) v. mv, 
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m,v 4 
A 11 5.0 X 10 
Yos TQ 0.67 m/sec. 
mit. WO HE 


1 2 
c) E, (before) 2 mivI -5.0x 10* joules. 


1 
EI. (after) = 2 (m1 + ma) y? =1.7x 104 joules , 


4 
3.3 * 10 joules were transferred in the collision into other forms of e; 
collision must have been inelastic. meee eee 


PROBLEM 29 Rub the palms of your hands together briskly. 
Do you do any work? What happens to the 
energy? 


Work is done when you rub your hands together because each arm exerts a force on ita 
ae in the direction of motion. The energy expended by the muscles goes into heating the 
hands. 


PROBLEM 30 I push a finger steadily across a glass table top so 
that it moves at a constant speed of 3 cm/sec under 
a 1-newton horizontal force. 

(a) What work is done in 1 sec by the force my 
arm exerts on the finger? What energy does it 
transfer into the finger each second? 

(b) How large and in what direction is the force 
of friction on my finger? What work is done by 
the force of friction on my finger each second? 
In what direction does it transfer energy — in or 
out of my finger? 

(c) What is the net force on the finger? What 
work does the net force do per second on my 
moving finger?. What happens to the kinetic 
energy of the finger? 

(d) What is the force exerted horizontally on 
the table by my finger? How far does the table 
move? What work on the table does this force 
do each second? In which direction does it trans- 
fer energy — in or out of the table? 

(e) What happens in the region where finger 
and table are in contact? - 


3) The finger is pushed across the table top 3ems in 1 second, exerting a 1-newton 
horizontal force, so the work done (and the energy transferred) is 1 newton X 0.03 m = 


0.03 joules per second. 

b) Since the finger moves at constant speed, the frict 
in magnitude but opposite in direction to the 1-newton force applied b 
work is done (and energy is transferred) out of the finger at exactly t 
part (a), 0.03 joules per second. 

c) The net force on the finger is zero because it moves at constant speed. The net 
force thus does no work, and the kinetic energy of the finger stays constant. 

d) The force exerted by the finger on the table is the same as by the arm on the finger, 
but the table, as a whole, does not move. Consequently, work is not done by this force 
in the usual meaning, and the kinetic energy of the table as a whole does not increase. 
The energy transferred out of the finger, as noticed in part (b), therefore must go into 
Something else. It goes into the region where the finger and the table are in contact and 


e) we find heat there. 
Note: The point to be emphasized in this problem is that work is done by the arm in push- 


ional force on the finger is equal 
the arm. Therefore 
hs same rate as in 
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ing the finger along the table. No change in kinetic energy occurs. What has happened to 
the energy that has been transferred from the arm by the mechanical work it does ? The 
only other change which occurs in the objects with which the problem is concerned is the 
heating of finger and table. The student is then led to suspect that this is another form 

of energy which must eventually be fitted into the over all picture. This is analogous to 

the implicit suggestion of the idea of potential energy in the problems of elastic interactions 
within which kinetic energy is found not to be conserved. 


There are some difficult points in the complete understanding of this problem. The 
above discussion should suffice, but students may be puzzled by the intricacies of frictional 
forces. While some of these details are discussed below, it is to be hoped that you can 
avoid them. 


The finger gets hot. Yet in the answers to (a) and (b) it is stated that energy is being 
transferred out of the finger as fast as it is being transferred in. This seems to be incon- 
sistent with the principle of energy conservation. The explanation lies in the fact that 
frictional forces are very complicated when viewed in detail. The interacting spots of the 
surfaces are not rigidly attached to the bodies that are sliding over one another. Although, 
as stated in Section 9 of the text, that the work done at each interacting spot on the center 
of mass will be 

Wi Fax? W - Fyx* GN 
this is not necessarily the complete story. The trouble is that the force comporfents 
Fay Fpx ete. do not usually act on the same point of the body and relative motions of 


the points of application are possible. Thus while the body as a whole may move a distance, 
x, the points of application of the many small contributing forces which total up to the 
‘frictional force" may move through quite different distances. i 


Consider a simple“ macroscopic example. A violinist draws his bow across a violin 
string. In doing this he moves it through a distance L, applying a force Fy He has then 


done an amount of work, W = FL. The motion is opposed by the frictional force associ- 
ated with the bow sliding across the string. This force must be equal and opposite to Fy 


since the bow does not accelerate. However this frictional force is really the time-average 
of a varying force between bow and string. In a simple model, the bow can be thought of 

as pushing the string forward until the elastic restoring force of the string exceeds the force 
of static friction of string on bow. The String then starts to slide backwards while the 

bow continues to move forwards. The relationship between force X distance and force X 
time becomes very complicated. It is no longer obvious that the sum of the small con- 
tributing local (F,Xj) will be the same as Fx. 


In the case of the finger on the table, this identity must break down locally, (in the 
region of the contact), because energy in the form of heat accumulates in the finger. Then, 
Since mechanical work is the only important mode of energy transfer in this problem, the 
negative work done by the frictional force on the finger in the region of the interaction 
must be less than the positive work done by the arm in pushing the finger along. 


Actually, since work is a scalar and force a vector, the total work di 
of forces is best thought of as the sum of the individual works, not as the rom "um pe 
the forces X the displacement distance. The latter is satisfactory when you are interested 
only in center of mass motion and kinetic energy, but consider the example of a coil spring 
held between the jaws of a pair of pliers. Squeeze the pliers. A force +F acts at one end 
of the spring through a distance +x. A force, -F, acts on the other end of the spring push- 
ae it Epi a W Mus net force acting on the Spring is zero. Therefore 
acceleration is zero and the change in bulk 
Fo serbe ge in bulk kinetic energy is zero. Yet the work done 


(HF) (+x) + (-F) (-x) = 2Fx. 
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It is not desirable to go into details of the microscopic picture at this stage of the 
development. Heat will be studied microscopically in Chapter 7. At that time, this prob- 
lem might be discussed again. $ 


PROBLEM 31 A 100-gm light bulb dropped from a high tower 
reaches a velocity of 20 m/sec after falling 100 m. 
About how much energy has been transferred to 
the air? 

The downward gravitational force does an amount of work equal to the force X the dis- 
tance the bulb drops, 0.1kg X 9.8nt/kg X 100m. equals 98 joules. However, after the bulb 
has fallen 100m, its kinetic energy is 

K im = i X 0.1 kg X (20 m/sec)? = 20 joules. 
The difference between the work done on the bulb and its kinetic energy represents work 
done by the bulb against the force of air friction. It amounts to 78 joules and goes into 
warming the air and the bulb. 


PROBLEM 32 A force of 3.0 newtons and a force of 4.0 newtons 
are applied simultaneously to a 4.0-kg mass 
initially at rest. The two forces act at an angle of 
90 degrees with each other for 2.0 sec. 

(a) What is the net force? 

(b) Use the net force to calculate the total work 
done. 

(c) What is the work done by each force 
separately? How does the sum of these works 
compare with the answer to (b)? 


a) The net force is 5.0 newtons at an angle of 37* measured from the direction of the 
4.0-newton force toward the 3.0-newton force. (The vector triangle is a 3-4-5 right tri- 
angle.) 5 

b) The acceleration of the 4.0-kg mass is 1.25 m/sec. During the 2.0 seconds that 
the forces act, the mass goes a distance: 


422 02594 
s=5at 5 2.5 m. 


The work done by the net force is 5.0 newtons X 2.5 meters = 12.5 joules. 


c) The vector diagram of displacements 
is similar to that of the forces which act. 


Thus, when the mass moves 2.5 meters 
from O to C, its component in the direction 
(OA) of the 4.0-newton force is 4/5 of OC. et m Lx 
Similarly, the mass moves 3/5 of 2.5 meters : 
in the direction OB, the direction of the 3.0- 
newton force. Therefore the work done by gt c 
the 4.0 and 3.0-newton forces is: displacement 


W, - 4.ontx $ X 2.5m = 8 joules. 


k 3 si : 
W, = 3.0ntX 5 X 2.5m = 4.5 joules. 


Ws + W. = 8+ 4.5 = 12.5 joules, the 
same amount of work that is accomplished by the net force. 


~ 


- PROBLEM 33 


A horseshoe magnet of mass m stands on end on 
a frictionless table. A steel ball bearing of mass 
m is rolled toward the magnet from far away 
with velocity v and goes through the magnet and 
far beyond. Assume the force of attraction F 
changes with distance and is the same in front 
and behind the magnet. (See Fig. 24-20.) 

(a) What is the final velocity of the ball? 

(b) What is the final velocity of the magnet? 


This problem involves an elastic collision, although the students may not recognize 
itas a collision. Furthermore, this collision is novel in that the forces are attractive. 
It is only because the ball can scoot between the legs of the magnet that the ball can go 
away from the collision instead of sticking to the magnet. Why is it elastic? Because 
the force between the two objects depends only on the separation distance. 


Both the magnet and the ball are acted on by the magnetic force, so both are acceler- 
ated toward each other; the magnet accelerates from rest, and the ball accelerates from 
its initial velocity. As the ball and magnet move closer together, the force (and the accel- 
erations) increase steadily until the ball passes through the magnet. The force then 
rapidly goes through zero and reverses sign. As the ball recedes from the magnet, the 
force on both ball and magnet is a decelerating force. At every value of separation dis- 
tance, the decelerating force is equal in magnitude but opposite in direction to the accel- 
erating force which acted when the ball and magnet approached each other. At a very 
large separation distance the magnet will have been brought to rest. To conserve mo- 
mentum and energy, the ball must then have been slowed to its initial velocity. 


* * * 


Note. In the course of this interaction, as the ball starts from point A and goes through 
the magnet to point B, the magnet is first accelerated toward A and then brought to rest. 
During this process, in accordance with conservation of momentum, the ball must have 
been accelerated toward B to a speed greater than its initial speed, yx and then decel- 


erated until, far away from the magnet its speed again was MS Altogether, the effect 


of the magnet is to decrease the time it takes the ballto get from A to B. This is done 
by using the magnet as rocket fuel“ of a temporary nature. The ball thrusts the mag- 
net back and thus gains speed. Then it reaches back'' and stops the magnet, thus losing 
its increment of speed. The center of mass motion is constant throughout — the back- 


LA magnet momentum being counterbalanced by the extra forward momentum of the 
alk i 


Kinetic energy is conserved over all; i.e., initial Ek = final E. but kinetic energy 


is not conserved during the interaction. In this problem (attractive force) the kinetic 
energy is greatest when the ball is passing under the magnet, since at that time both 
ball and magnet are traveling at their maximum Speeds. Students may wonder how 
energy is conserved. The answer, of course, is that the magnetic spring“ has been 
allowed to contract. There is energy stored in a magnetic field and this Stored energy 


30 
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PROBLEM 34 A two-stage rocket is moving with velocity v in a 
region where gravity is negligible. It consists of a 
final stage, or head, of mass m, and a tail of mass 
2m which includes an explosive charge to separate 
the head. The charge is carefully designed so 
that after separation the tail has the least possible 
energy. (Assume that the gases from the explo- 
sion stay with the tail.) 

(a) What is the least possible energy the tail 
can have? 

(b) In this case, how much energy has the head 

. gotafter the explosion? Give the answer in terms 

of m and v. 

(c) How much kinetic energy did the head have 
before the explosion? 

(d) How much energy has the head gained? 

(e) How much energy is supplied by the fuel in 
the explosion? 

(f) Why is the answer to (e) different from the 
answer to (d)? 


a) Since kinetic energy is always a positive quantity, its least possible value is zero. 


b) After the explosion, by conservation of momentum the initial momentum of the whole 
rocket, p = 3mv, is then equal to the final momentum of the head, p’= mv’. Solving 
this equality for v, we find: 


p = p- 
3mv = mv’ 
v' = 3v. 


The kinetic energy of the head after the explosion is: 
1 25) 2 
E 52 m X (3 v) -4.5mv. 


13 2 
c) Before the explosion, the head had a kinetic energy of ;mv $ 
d) The head has gained A of kinetic energy. ( 


e) In the explosion process, the tail lost mv? of kinetic energy, while the-head gained 
4mv?. The difference of Iv had to be supplied by the explosive charge. 


f) The difference between the answer to (e) and the answer to (d) lies in the kinetic 


energy transferred from the tail of the rocket to the head during the explosion. 
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Chapter 25 — Potential Energy 
CHAPTER SUMMARY 


In this chapter, the concept of energy is broadened to include potential energy. The 
exchange of energy between the two forms, kinetic and potential, is studied; the law of 
conservation of mechanical energy for ‘‘conservative’’ forces is formulated. 


Sections 1 and 2 The elastic collision is reexamined, noting that the kinetic energy which 
**disappears"' during the interaction may be thought of as stored. An expression for the 
potential energy of a stretched or compressed spring is developed. These new ideas are 
generalized to an arbitrary two-body interaction. 


Sections 3 through 5 The results of Sections 1 and 2 are extended in a consideration of 
the potential energy in a gravitational field. The potential energies of bodies near the 
earth's surface are considered. The criteria for free“ and “‘bound’’ states under a 
gravitational attraction are developed. 


Section 6 The earlier conclusions are generalized to show that the total mechanical 
energy is conserved in many complex systems. 


SCHEDULING CHAPTER 25 


The following table suggests possible schedules for this chapter, consistent with the 
Schedules outlined in the summary section for Part III. 


15-week schedule 9-week schedule 
for Part III for Part III 
Subject Class Lab Class Lab 
Period Period Period Period 
— ũ̃ — 0x68 
III-12 
. o a 
| seee jo NN iT LER 


RELATED MATERIALS FOR CHAPTER 25 

Laboratory. Experiment III-12, s in Potential Energy, employs a mass sus- 
pended on a coil pori to examine the transfer of energy from gravitational rue 
energy to the potential energy of a stretched spring. This experiment is best done after 
Section 3 is discussed. 


Experiment M-13, The Enerj 
ticker-tape timer to provide data for 


of a Simple Pendulum, uses a simple pendulum and the 

the kinetic and potential energies at e ri 
tic energy shows the 

in the pendulum's swing. Adding the curves for potential and kine 

8b e of the total energy in the system. This experiment is of slightly lower 

priority than III- 12. It can be done after Section 3 is discussed. 


See the yellow pages for suggestions. Jr CHR 
r - 
Home, . The following table classifies problems according e 
E. Me of M le and the sections to which they relate. Those which are especially 
Problems which are particularly recommended 


suited ussion are indicated. 
are Dia EM NT x asterisk (*). Answers to problems are given in the green pages. 


Problems 23 and 24 might be assigned as a pair. 
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Gia Duci 
1, 87 5, 6, 
Moni os 


Film. If not used earlier, Work and Energy“, which was described in the summary 
of Chapter 24, can be used in the course of this chapter. 


Section 1 — The Spring Bumper 


PURPOSE To introduce the concept of potential energy and its use; to set the stage for 
cases of more general forces by treating in detail a familiar example, the spring. 
CONTENT a. Mechanical energy is conserved whenever the force between two bodies 
depends only on their separation. 

b. Ina good (elastic) spring, the force required to hold the spring compressed a 
given amount is always the same, independent of the manner in which the spring is com- 
pressed or of the number of times it is compressed. When this is the case, both the 
work required to compress the spring and the energy which can be realized when the 
spring is released are also always the same and independent of how the spring reached 
its given compression. 


c. The potential energy of a Spring, U, i8 given by the area under the curve of force 
versus compression. 


d. imi. U= E = constant in an elastic interaction. 


ue n e foroo ek Sisto to the displacement, F = kx, the potential energy is 
Us 2 K* j and; mv * pisi * E. This relation enables us to solve for the velocity at 
any point in an elastic interaction. S 


EMPHASIS An understanding of this section is basic to comprehension of the rest of 
the chapter. 


COMMENTS The details of the non-elastic spring should not be stressed but it will be 
wis make sure that students understand What property is crucial. For the Spring to 
be elastic it must be able to do as much work when released as was done on the spring 
in compressing it. Students should know that they can compute the potential energy of 


* * * 


You can discuss many different kinds of interaction between a 
mass and a spring. 
For example, let the mags strike the Spring, but catch the Spring with a Takohet ic 
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at the moment of maximum compression. Then the mass Stays at rest. If you slowly 
release the spring, the potential energy of the Spring does work, transferring energy to 
your hand. (How does the work your hand does 1n releasing the spring compare with the 
original kinetic energy of the mass? It is exactly the negative since you ‘‘absorb”’ the 
potential energy of the spring; it is minus, because in pem the spring, your hand 
moves in the opposite direction from that of the force it exerts on the spring.) 


You can let one mass strike and compress the spring, and then after you have caught 
the spring as before, substitute a different mass. Follow the acceleration of this seeond 
mass in detail and show that the final kinetic energy is still the same. 


Another variation: Suppose the mass hits the spring and rebounds, but leaves the 
spring vibrating. How does the kinetic energy of the mass compare with its value before 
the collision? It is less by just the energy left in the spring. You might ask the class 
whether the energy left in the spring is potential or kinetic, [It goes back and forth be- 
tween the two forms, just as the energy of a mass oscillating on a massless spring goes 
back and forth from kinetic energy (when the spring is unstretched and the mass is going 
its fastest) to potential energy (when the mass is momentarily at rest and the spring is 
either compressed or extended the maximum amount). ] 


* * * 


Figure 25-6 may warrant a little dis- 
cussion. The graph is a plot of the po- 
tential energy of a rather peculiar spring 
as a function of compression. You might 
ask the class to consider the same type of 
plot for the ideal spring whose F vs. x 
graph is shown in Figure 25-5. For 
spring, we have F = kx and U= 1/2 
as Shown. Thus the potential energy graph 
would resemble Figure 25-4 as shown at 
the right. 


If we wish to represent all energies, 
involved in the motion of a mass, m, as it 
compresses this spring, we can plot the 
three curves together on this graph. The Displacement 
potential energy curve will be the same as 
that plotted above. The total energy, 


E = 1/2 mv? + U, must be a constant as the 
spring is elastic. When U= 0(at x= 0), 


E=1/2 mv”. Thus the horizontal straight 
line which represents E is drawn at the 
level of the value of the kinetic energy when 
the compression is zero. The kinetic 
energy is then given at each point by the 
difference between the horizontal line de- 
picting E and the curve depicting U, 
1/2 mv? = E - U. A 
Since a negative value of 1/2mv has 
no meaning, we draw the line representing 
E only out to the point at which it inter- 


sects U. At that point, 1/2 my? = 0, and Displacement ——+ 


Potential 


Energy —-— 


therefore v = 0. 
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Section 2 — Potential Energy of Two Interacting Bodies 


PURPOSE To generalize the previous section; to deal with various kinds of forces in 
preparation for gravitational potential energy. 


CONTENT a. With forces which depend only on separation, the kinetic energy which 
'*disappears'' during the course of a collision is stored as potential energy and can be 
recovered. 


b. The potential energy depends only on the separation and not on the details of the 
collision. 


€. Potential energy is stored ‘‘in the force field'' — the imaginary spring. 


EMPHASIS This section should be developed with Strong reference back to Section 1. It 
may be useful to make some reference ahead to Sections 3 and 4, since gravitational 
forces are the only specific examples of an action-at-a-distance force that have been 
considered in detail thus far. 


COMMENTS Consideration is given to the potential energy of a system of a pair of bodies 
which interact at a distance. The mathematical aspects were worked out in Chapter 24, 
where the kinetic energy during a collision was followed in detail. For action-at-a-dis- 
tanee forces, in apparent contrast with the spring, there is no visible storage place for 
the potential energy. This may trouble some students. All that is required for introduc- 
ing the concept of potential energy is the fact that some kinetic energy disappears at one 
part of the collision and later reappears. One might choose to say ‘‘the kinetic energy is 
destroyed, but later an equal amount ig created”’ or '*the kinetic energy is converted to 


it appear directly as kinetic energy, or whether we reach in, grab the particles, and 
make them separate 8lowly (in which case the energy appears as work against us). 


Where is the potential energy located? For the collision of Section 1 we say ‘‘in the 
Spring". We could consider the force between two bodies which interact at a distance as 
having its source in an “imaginary spring” as Suggested in the text. Actually, there is 
no need to ‘‘locate’’ the potential energy, no matter how natural that desire may be. All 
that is necessary for the concept of potential energy to be useful is that we be able to use 
it to predict the work we can realize (or must supply) when bodies go from one separation 
to another. In fact, the Separation of the bodies gives us as clear an indication of the 
potential energy of a system as does the extension of a spring. As explained in the text, 
even a real spring must, on the atomic level, be understood in terms of action-at-a- 

, distance forces, "'1maginary springs’? 


One may be led into difficulties if he tries too hard to locate the tential ener; r- 
haps associating it with one or the other of the two bodies. It ald be 1 Vas 
holding A fixed is identical to that of bringing up A while holdin, B fi 
that we bring them to the same final separation in the two einer ug 

* * * 


The several paragraphs (Col. 2, page 411) beginning with ‘To understand more fully. , 


give a preview of the next chapter on heat and kinetic theo i 

ry, and begin to give an atomic 
picture of loss of mechanical energy. The statements are quite “en ail that this 
is not the main treatment. Such a treatment will come in Chapter 26, Section 3. The 


Statements in this chapter should be treated 8 
“pnp wee n R imply as indicative of details that will be 


— 


L 28 
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Section 3 — Gravitational Potential Energy Near the Surface of the Earth 
Section 4 — Gravitational Potential Energy in General 
Section 5 — Escape Energy, Escape Velocity, and Binding Energy of Satellites 


PURPOSE To apply the energy concept to man’s most familiar force field - the gravi- 
tational force. 

CONTENT a. When a mass, m, moves in the gravitational field of the earth, the accom- 
panying motion of the earth may be ignored if m is small compared to the mass of the 
earth. 

b. Near the earth's surface, when changes in height are small compared to the radial 
distance from the center of the earth, the potential energy of position is mgd, where d is 
the vertical displacement of the mass, m, from some arbitrary level of zero potential 
energy. x ‘ 

c. When changes in displacement are large relative to radial distance from the earth’s 
center, the potential energy of a mass, m, located a distance, r, from the earth’s center 
is U (x) = U (9) - SM, where U (%) is the arbitrary value (usually taken to be zero) 
assigned to the potential energy at infinite distance. 


d. The concept of potential energy in a gravitational field is applied to motion of a 
satellite, enabling us to compare the kinetic onergy required for escape with that re- 
quired for orbit, and introducing the idea of binding energy. The total energy, 


E=1/2 my? 4 U, remains constant. 


EMPHASIS These sections should be treated thoroughly not only because of the interest 
inherent in the problem itself, but also because nur with the potential energy in an 
inverse square force field will again be réquired in Part IV in the study of the Coulomb 
field and the nuclear atom. 


DEVELOPMENT The starting point for the development is the kinematic relationship, 


3 ed in Chapter 5. Stu- 
v^ c» 2 gd for falling objects at the earth’s surface. This was deriv 
dents should be reminded that g is not exactly gen It is * Eoi — a 
the placement, 
gravitational force is constant over der al Seat tan earth, Multiplying bots e A 
of the above by m/2 gives the kinetic energy of a falling object in terms of the height 


i y otivates the assignment of a potential energy to a 
through which it has fallen. This m . 


8 the recasting of the theme of 
in terms , energy and kinetic energy. The gain in 5 -= = (stam 
falls, is equal to the decrease in potential energy. The summary o epo —— 
vations which thus far has been couched in the language of abes . iho tated 
as the conservation of mechanical energy. The law applies to yi ; 


plus mass m. 
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One should not lose sight of the fact that potential energy applies to the System of 
interacting objects. At the outset it is proved that, in most of the situations involving 
the motion of a mass in the field ef the earth, the kinetic energy of the earth can be 
neglected. For this reason one is apt to think of the mass as having the potential energy, 
but actually the potential energy belongs to the system rather than separately to either of 
the partners of the system. One may think of potential energy in a gravitational field as 
residing in the stretch of an imaginary gravitational spring. One end of this “spring” is 
fastened to the earth. If one loses Sight of the fact that potential energy resides in the 
two-body system, he can get into such trouble as concluding that when a man raises an 
object from the floor to a table no work is done on the object. There are two forces act- 
ing on the object; a man's pull and the pull of gravity. These are equal; there i8 no 
acceleration, and the net work done on the object is zero (i.e., there is no net change in 
the kinetic energy of the object). Work has been done, and energy has been transferred 
from the man to the system of the earth and object. The energy transferred can best be 
viewed as the result of the combined push of the feet on the floor and pull of the hand on 
the object. These, together, stretch the **gravitational spring” and thus store energy 

in it. 
* * * 


When the displacement of an object is large compared to the radial distance to the 
center of the earth it is necessary to take proper account of the variation of force over 
the range of the displacement. We know the gravitational force to be of the form 


F= = We know that over small displacements (constant force) the gravitational 


r 
potential energy of an object can be approximated as U (b) = U (h ) + mg (h - bo) What 


18 an exact expression for the potential energy, good for any radial distance r (greater 
than the earth's radius)? This problem can be solved exactly, using integral calculus. 
The text verifies the validity of the chosen potential energy function by showing that the 
inverse square force function can be derived from it. 


Another useful approach is the use of the technique of scaling. Consider a graph of 
force vs. radial distance. F, is the attractive l " 


force at a distance Tj and F, is the force at F 
a distance Yo. Let the ordinate distance cor- 
responding to Fi newtons be y meters, and 


let the abscissa distance corresponding 
meters be x meters. ar di E 


Then the area, meters?, rresponds 
to Fi joules. y ‘i 


Now draw a second graph to such a scale 
that the force F, is represented by y meters 
on the ordinate scale and the distance T, is 


represented by x meters on the abscissa 
Scale. Sucha graph is shown on the right. 


On this second graph, the work required 
to move the mass from r= r, to r= © ig 


represented by the shaded area, A; 
A 
We = xy For, joules. 


On the first graph, the work required to 
carry the same mass from r = r, to r ccs 


is represented by the area to the right of r,. 
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As a result of our scaling procedure this area is also A m? and therefore w = E 
The difference in potential energy of the system with mass at r= œ and with it at r = Ti 


is equal to the work done in carrying it from rx] tor. Thus: 


U(#) - Ur) = W; EYES 


Similarly, U(*) - Ur) W. hne and 
rl e. 
U(*) - U(r,) Wi Fin 11 f 
U@)-UG,) W, For, GmM. l’ 
2 2 x. 
12 2 


which proves that U. — Ur is proportional to lr. 


To find the constant of proportionality, the method uged in the text can beemployed. A 
slightly different wording may be used to bring out at the same time the connection be- 
tween this exact expression for potential energy and the approximate one that we use at 
the earth's surface when we ignore the change in gravitational force with distance from 
the center of the earth. 


The increase in potential energy when an object of mass, m, moves from the surface 
of the earth (r = ro) to a height, h, above the surface of the earth (r, =r + h) is: 


c 2 2 8 
U(rj-U(r)s (v eo! -£)- (vo -£) == = hh: 
6 0 e) Ti To T6 roth root b) 
In Section 25-3 we found: GMm 
U(r) -U(r) = mgh- 2 h. 
r 
0 
We see that the two results agree provided: à 


2 
(1) his very small compared to the radius of the earth r, so that r, roh à ro 


(2 C has the value GMm. 
The first requirement comes in because in Section 25-3 we ignored the variation of the 


GMm GMm. 
force GMm with r and used the approximation yr eon Oe mg. 
r 0 


al energy by either adding 
It cannot be emphasized too strongly that changing the potenti 
or subtracting a constant makes no difference in any physical result. Por example, n. 
Section 25-4 the choice U (=) = 0 is made, while in Section 25-3, the choice U(r) = 0 was 


made. The latter is equivalent to U (*) = ,SMm, It may be worthwhile to graph the two 


0 
choices side by side and show that the shift between the two figures does not matter. 
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t . 


Potential Potential 
energy 
2 Separation 
Approximation used 
in 25-3 
GMm 
To 


The increase in potential energy from 11 to 12 is the same in both cases. We note 
incidentally that in the approximation made in Section 25-3 we replaced the curve 
o- s. with the tangent line o- r) 


T T 2 
o To 


For an extension of this discussion of the relationship between potential energy and 
fields of force, see Appendix 8 to the Guide for this volume. There the case of a com- 
pressed spring is discussed. 

COMMENTS In using the energy concept we ignore many of the details of the motion, 
since we do not concern ourselves with interaction forces and accelerations of various 
parts of the system with respect to one another. However, in ignoring these details we 
gain in simplicity and in our understanding of fundamentals. The use of the conservation 


* * * 


When the horizontal component of velocity is constant, as in projectile motion, it is 
a great temptation to think of the energy associated with one component as distinct from 
another. For example, the total energy is: 


A 1 1 2 2 
E = EI * U, 2 m * mgy = Z m (v, * Vy ) + mgy. 
In projectile motion rr is constant, so we may write 


4 2 r 
sus *mgy-E Z v. E“, 
where E“ is a new constant. The maximum height to which the 
projectile rises is found 
by noting that at the top of the flight iin 9, so that ene Bmg s (E - 1/2 mv. ^/mg. 
x 


It is correct to speak of the contribution of the horizon: 
to the kinetic energy but it is Incorrect to think of this 1 hy r 
horizontal component of energy". Energy is a scalar and has no associated direction. 
It is conserved in toto but the parts“ associated with horizontal or vertical components 
of the motion are not Separately conserved. To see this, consider the example of a ball 
rolling from rest down an inclined plane. Although the initial useful potential energy is 
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all due to the vertical separation of ball and earth, im? enola Sonant. 
* * * 


To appreciate the power of the information obtained from the conservation of energy, 
one should ask the question: Does the escape velocity depend on the direction in which 
the rocket is fired? Using the principle of conservation of energy we see immediately 
that it does not for the case of a gravitational interaction. Had we attempted to answer 
the question by using Newton’s law directly, the problem would have been much harder to 
solve. We would have found eventually that three types of orbits are possible: elliptical 
(including circular as a special case), parabolic, and hyperbolic. (Straight line motion 
is a special case of parabolic or hyperbolic motion.) Elliptical orbits correspond to 
rockets that do not escape (satellites), parabolic orbits to rockets that just escape, and 
hyperbolic orbits to rockets that escape with energy to spare. The energy argument com- 
pletely bypasses a fairly involved discussion. Naturally, we do not have quite as much 
information if we use conservation of energy alone; we know the speed of the satellite 
at large separation, but we know nothing about the actual orbit. [In the above discussion, 
as in the text, the escape velocities referred to are relative to the center of the earth, 
not relative to the surface of the earth. We can take advantage of the eastward motion 
of the rocket launching path (& 0.5km/sec at the equator) to save fuel. ] 


The escape energy calculated in the text gives the kinetic energy that a rocket must 
have (outside the atmosphere) to escape. The fuel requirements are of course, much 
larger; in a typical rocket most of the work done by the rocket engine ends up as kinetic 
energy of the exhaust. If this point comes up, Problem 27 can be used for illustration. 


* * * 


The concept of binding energy is one which is often used in discussing atoms 
(Section 34-6). The example given here, in which we calculate the energy which has 
to be added to a bound satellite moving in a circular orbit around the sun has a very 
close counterpart in the hydrogen atom, in which an electron moves in a circular orbit 
around a proton. 

* * * 

Appendix 9 of the Guide for this volume gives the calculations of the escape velocities 

and binding energies that are mentioned in Section 4 of the text. 


Section 6 — Conservation of Mechanical Energy 


be extended 
PURPOSE To point out that the concepts of potential and kinetic energy can 
to more 60 mechanical systems, including those in Which we do not have detailed 

knowledge of the nature of the interaction forces. Furthermore, we believe that mechan- 
ical energy is always conserved for systems in which other forms of energy play no part. 


CONTENT a. Conservation of energy is discussed in terms of a simple toy that never- 
theless is a more complex system than any previously considered. 


b. The plausibility of general conservation of mechanical energy is discussed. 


that have already been 

EMPHASIS This reaction is a summary and extension of the ideas 
presented. A brief treatment will suffice. The energy concept will be extended further 
in the next chapter where heat will be considered. ; bis 

interaction force between 
DEVE he first paragraph of this section defines the 
two mas 1 9 (1) that the masses can be regarded as 1 o 
that the force on one mass is equal and opposite to the force on the hu and (3) 
the direction of the force is along the line joining the two mass points. 


tential energies be used 
Th then asked: Can the ideas of kinetic and po 
in none ee the mass cannot be regarded as being concentrated at a point and/or 
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the forces of interaction are not Newtonian? An example of a complex system (the 
toy merry-go-round) is then presented. A plausibility argument shows that the conserva- 
tion of mechanical energy (except for frictional effects) still seems to be a valid concept. 


You ean point out to students that the descending mass exerts a Newtonian force on 
the string and that this force can be considered to be transmitted undiminished around 
the pulley to the surface of the shaft. But the mass of the merry-go-round does not appear 
to be concentrated at the axis of rotation because the inertial properties of a rotating mass 
depend markedly on where the mass is located relative to the axis. Students probably 
have had some experience with this effect (a whirling ice skater speeding up as he brings 
his arms in close to the axis of rotation, the heavy wheel in gyroscope and momentum 
toys) but they probably have not had an opportunity to compare the rotational inertial 
effects of two wheels of the same mass but with different mass distributions. 


To compare two wheels that have the same mass you can make the following simple 
calculation. Consider a bicycle wheel which is idealized as having all its mass at the 
rim. Replace the merry-go-round with this wheel, and now suppose it is turning N times 
a second at a certain instant. The mass M of the wheel is distributed uniformly around 
the rim at a distance of R meters from the axis of rotation. The speed of a point on the 
rim is then 27R X N m/sec because in one second a point will have gone N times around 
the circumference, that is, 27R meters in one turn or 27R N meters each second. Now 
consider the mass of the rim to be made up of 1000 pieces (or any number you wish). 
Then the mass of each piece is M/1000, and each piece is so small that it is practically 
a point mass. Then the kinetic energy of each piece is 


1 2 1M 2 
z (mass) (speed) 2 1000 (2TR N)“. 


Since kinetic energy is a scalar quantity, the total kinetic energy of the wheel is the sum 
of the energy of each piece. These energies are all equal,and there are 1000 pieces so 
that the total kinetic energy of the wheel is 


1 5 2 
2 M enR V or; R (2 N“. 


This expression shows that two wheels each of the same mass M and each turning at N 
revolutions per second can have markedly different kinetic energies depending on whether 
the mass is close to or far from the axis of rotation. 


When the mass has descended a given distance, the gravitational interaction force 
has been allowed to do work on the system (the potential energy of the system has there- 
fore decreased), and the kinetic energy has increased to a given value. This value is 
the same whenever the descending mass has fallen through the same vertical distance 
from rest. A given kinetic energy of rotation of thewheel can be realized in two con- 
trasting ways. If R of the wheel is large, then N must be small; and if R is small, then 
N must belarge. But N is the rate that the wheel is turning, and so it is a direct measure 
(vià the shaft radius r) of the speed of the falling mass; the speed is 27RN m/sec. This 
means that after the mass has fallen a given distance it will be moving more or less 
rapidly according to whether R is small or large. Thus a wheel of given mass will accel- 
erate more slowly if R is large than it will if R is small. A wheel with large R is harder 
to start turning than one of the same mass with small R. 


DEMONSTRATION An interesting experiment that you can do as a classroom demon- 
stration shows nicely the conversion of potential energy into kinetic energy and involves 
Some rather nice, simple techniques. This demonstration is a variation in technique of 


Experiment III-13, The Energy of a Simple Pendulum. if 

x n : tud 
this demonstration either should not be done, or done ater ie 135 — i 
the basis for a review of the ideas of the chapter. 


A measurable amount of potential energy is stored in i 
í c ntial a pendulum bob by swinging it 
RN distance up from its equilibrium position. The bob is released. At ibo bottom 
of its swing the original increment of potential energy will have been completely converted 


25-11 


into kinetic energy, mv’. The motion is entirely horizontal. If we could measure this 


horizontal speed, we could calculate the kinetic energy and check the energy balance. In 
order to measure this speed, the bob can be hung from a light thread, and a razor blade 
can be carefully and rigidly mounted so as to cut the thread just when it reaches the 
vertical. Then the speed can be calculated by measuring the horizontal distance traveled 
by the bob before hitting the floor. This distance must be divided by the time of flight 
which is determined, by calculation, from the known height of the bob above the floor 
when in the equilibrium position. 


U = mgAh r 
Boh Ws 5 razor blade 
Ek = 2 m Ah 
=x ar 
Vo x 
h= ise A 
2h 
ps z piece of 


paper on 
top of 
carbon 
paper 


x— 


It is advisable to try this out before doing it in class. The main source of error lies 
in the energy that is dissipated in cutting the thread. Be sure that the razor blade is 
rigidly mounted and use as heavy a bob as possible. In class you might make several 
measurements using different values of Ah. 


| 
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(a) 


b) 
(a) 
(b) 
(8) 
(b) 
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Chapter 25 — Potential Energy 
For Home, Desk and Lab — Answers to Problems 


SHORT ANSWERS 


Yes. Force of interaction depends 
only on separation distance. 

18 joules. 

0.15 m. 

1/2. 


See graph on page 25-15. 
0.5 joule, 5.5 joules 
See discussion on page 25-15. 


0.5 joule. 
0.5 joule. 
0.3 joule. 


discussion on page 25-16. 


180 joules. 

Heat. 

Graph (a) is the best fit. 

See discussion on page 25-17. 
100 nt/m. 

U=50 x joules. 

See graph on page 25-19. 

Not quite linear. 

1:2. 

4 times as high. 


See discussion on page 25-20. 


See 


(a) 
(b) 


(a) 


discussion on page 25-21. 


1.0 m/sec. 
0.8 m/sec. 


1.00 kg-m/sec. 


13. 


14. 


15. 


16. 


M. 


18. 


(b) 


The following table classifies problems, accordin 

j g to their estimated level of difficult; 
x ih n jl es -— igi Those which are especially suited to class paced 
me are particularly recommended are marked with an aster- 


The assignment of Problem 24 might be accompanied by the assignment of Problem 23. 


Class Discussion 
4, 9, 10 
15, 16, 19, 20 


0.500 kg-m/sec, 
2.00 kg-m/sec, 
4.00 kg-m/sec. 
1.00 joule. 


1.5 joules. 
0.4 joule. 
1.1 joules. 
1.1 joules. 
0.4 joule. 


18 joules, 9 joules. 


(a) 


Vertical height = 0.20 m, slant 
height = 0.29m; moves as though 
rebounding from a collision. 
Oscillatory; equal heights right 
and left; 1.2 joules. 

-0.5 joule. 


0.15 above equilibrium (0.3m 
above starting point). 

+ 1.1 m/sec. 

No change. 

79.2 joules. 

79.2 joules. 

22.3 m/sec. 


Very nearly 1. 
Ek (mz) is negligible compared 


to Ej (m). 


(c) Yes. 
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-18 
19. See discussion on page 25-30. 24. (a) 0.575 * 2 joule. 
20. See discussion on page 25-31. (b 1.13 X10 m/sec. 
21. See discussion on page 25-32. 25. 2.3 4 19 18 joules. 
22. (a) 4.4X 10° joules. 26. See discussion on page 25-36. 
28 -0037 for an exhaust velocity 
3.9 * 10“ joules. 217. 0.0 
e j of ? km/sec. 


23. Increases. 


COMMENTS AND SOLUTIONS 


PROBLEM 1 A mass of 4.0 kg sliding with a speed of 3.0 m/sec 
R on a frein peni ih table collides with a 
queer kind of spring bumper. The bumper exerts 

à constant reb rna iet ca te asa 


moves in ( the spring) and the same 
force on the way out until the spring is back where 
it was. 


(a) Is this an elastic collision? How do you 
know? : 

(b) What is the kinetic energy at the beginning 
of the interaction? 

(c) How much is the spring 


We can make a simple plot of the force t 
exerted by the bumper versus distance of F(nts) 
compression: 120 


x Xo 


3) The collision is elastic, because the force depends only on the distance, A step 
function is the simplest form of force-distance relationship, but it is a form not usually 
encountered. Whatever work is done on the spring by an approaching object, FAx, is 

done by the Spring as the object recedes. Thus no kinetic energy is lost since, in the 
over all interaction, no energy is transferred to the spring. 


b) The kinetic energy at the beginning of the interaction is 


2 
1 — 1 
(mv P = 3% 4.0kg x (0 226 = 18 joules. 


€) The compression of the “spring” will continue until there is no more energy of 
motion — that is, no more kinetic energy. The kinetic energy is reduced to zero when 
the speed of the mass is zero. The original kinetic energy of the mass then has been 
transferred to the spring as potential energy. The work done in compressing this spring 
is the constant force, F, multiplied by the compression distance, Ax. This work done 


18m 616i, 


*="q29 7245m. 
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d) When the spring has been coinpressed 10cm, the potential energy has Increased 


from zero to 120 X 0.10 joules = 12 joules. This increase has been at the expense of 


kinetic energy of motion (the mass has slowed down), and the mass has lost 12 joules 
of kinetic energy. It still has 18 - 12 = 6 joules of kinetic energy. The ratio of the 


kinetic to the potential energy is 6 to 12, 1.e., there is half as much kinetic energy as 
potential energy at this instant in the interaction. 


PROBLEM 2 A 3.0-kg mass moving with a speed of 2.0 m/sec 
collides with a spring bumper which exerts a 
force F — 100x, where F is the force in newtons 
and x is the compression in meters. 
(a) Draw a graph of F versus x from x = 0 to 
x = 040 m. 
(b) What is the potential energy stored in the 
spring when x = . 10 m? What is the kinetic 
energy of the mass at this point? 
(c) What will happen if the spring is com- 
ssed 0.10 m by hand and then the 3-kg mass 
is placed in contact with the spring and the hand 
is removed? 
This problem is similar to Problem 1. The principle of conservation of energy is 
used to obtain the kinetic and potential energies at an intermediate stage of the interaction. 


bi 40 nt 
30 


10 | 


0 0.10 0.20 0.30 0.40m 
x 


10 m 
b) The work done by an external agent in compressing the spring a distance of 0 
is 5 shaded area en the force-compression curve shown in part (a). The work done 


by the mass in moving from x = 0 to x= 0.10 m is therefore: 


w-i X 10 newions X 0.10 m = 0.5 joule. 


The potential energy stored in the spring is the same as the amount of work done on the 


spring, 0.5 joule. 


The initial kinetic energy of the moving mass was: 
E, 7 4% 8.0kg X (2.0 m/sec)” = 6.0 joules. 
Tho reuse in potential onorar corso T ue ta e potential ore i 
8 728 5 Pen 0.10 36 kinetic energy of the mass 1s 6.0 - 0.5 = 5.5 joules. 
c) The work done in compressing the spring 0.10 m is the same whether it is done by 


a moving mass or by hand: : 
w= 1x10 newtons X 0.10 m = 0.5 Joule. 


At this point the potential energy of the spring has increased from 0 to eu Pm tact 
energy is available to accelerate the mass when the hand is removed. blem is easy with 
acceleration is caused by 2 non-constant force, solving the motion pro 1225 en S tes 
conservation of energy. When the spring has returned to its normal pos MN cin 
action ends and the transfer of potential energy to kinetic energy in compose, í 


1 
at this point the kinetic energy 2 mV = 0.5 joule. 
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PROBLEM 3 The force-compression curve of a spring is shown 

in Fig. 25-16. f 

(a) How much work is done in compressing the 
spring 0.3 m? 8 

(b) What is the potential energy of the spring 
when compressed this amount? ; 

(c) Place a 2-kg mass at rest against the spring 
when it is compressed 0.3 m. Let go. What is 
the kinetic energy of the mass as it passes the 
point where the spring is compressed 0.2 m? 


This problem is conceptually the same as Problem 2, but involves a nonlinear force 


curve. 


a) The work done im compressing the 
Spring is the area under the force-distance 
curve. In this case, between 0 and 0.3 m, 
the total area under the curve is the sum 
of the area of a triangle and the area of a 
trapezoid, these figures being the two parts 
of the area if it is cut vertically at 0.2 m. 


Area of triangle = ie newton)(0.2 m) 
7 0.2 newton-meter or joule. 
Area of trapezoid = ie nt + 4nt)(.1 m) 


= 0.3nt-m or joule. O1 762 ^ 03 . 04 
Sum = 0.5 joule = work of compression. Compression (meters) 


b) The potential energy of the spring = work done by the applied force = 0.5 joule 
(from above). 


, €) The gain in kinetic energy is equal to the Joss of potential energy and this is the 
area under the force-distance curve from x = 0.3 to x= 0.2m. This area is just the 
area of the trapezoid which was found in part (8)to be 0.3 joule. Therefore, 


ime = 0.3 joule gain in kinetic energy. 


PROBLEM 4 Pretend you are given two springs of different 
Sizes. How would you set them up so that the 
force-compression curve of the system looks like 
Fig. 25-16? 


P 18555 problem is a challenge to the student with a flair for inventing mechanical 
evices. 


In order to get a change of Slope at 0.2 meters in the force-compression curve, there 
must be an accompanying change in the force constant of the spring at the 0.2-meter com- 
pression point. There are a number of ways to accomplish this. One way is to set up 
two springs so that the movable end of one Spring is 0.2 meters behind the movable end 
of the other. If the springs have different diameters, one can be placed inside the other 
as shown in the sketch. 


As an object pushes in from the right, spring #1 


it first comes in contact with spring #1. It S. qoSpring +2 E 
is subject to the force Fi - kx until it has 7 
compressed spring #1 a distance 0.2 meters. 7 
From the graph we see that when Fi = 2 new- v 


tons, x= 0.2 meters, therefore ki 7 10 nts/m. fixed ends L—0.2m 
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At the point x = 0.2 m, the object comes in contact with spring #2. From there on it is 
subject to the force F = Fit Fa kx kx -0.2 = (k of k,)(x = 0.2) + 0.2k, - 0.2k, * 
(a + k Ax, where Ax represents the distance of compression beyond the point where 
x= 0.2 meters. From the graph, the slope of the straight line for x > 0.2 is AF/Ax = 


m 
ELE = 20 newtons/meter = ki + k,. Therefore k, also has the value 10 newtons/meter. 


PROBLEM 5 A 10-kg mass moving with a speed of 10 m/sec 
Strikes a spring, compressing it a distance of 
0.20 m. The mass rebounds with a speed of 


8.0 m/sec. 

(a) What is the loss in kinetic energy of the 
mass? 

(b) wat beppes ta a on mn 

(c) Which of the force-compression curves in 
Fig. 25-17 do you think is most likely correct for 
this spring? 


MEE E 2. 5 
a) ad 2m. 2 10 (10)" = 500 newton- meters. 


Ep5 im = 110 (8.0)” = 320 newton-meters. 


AE, = 500 - 320 = 180 newton-meters or joules. 


b) As the mass is brought to rest, it compresses the spring, doing work equal to its 
loss in kinetic energy (500 joules). On the way out, the spring transfers back to the mass 
only 320 joules of work. While we cannot say definitely what happened to the ‘‘lost 
energy, one possibility is that mechanical energy was transformed into heat during the 
bending and unbending of the spring. Another possibility is that heat is generated through 


friction of the mass sliding along some surface. 
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J 

c) Qualitatively, graph (a) can account for the data; the area under the upper curve 
(compréssion varying from 0 to 0.2 m) is greater than the area under the lower curve (com- 
pression varying from 0.2m to Om). The first area is equal to the work done on the spring in 
compressing it, the second area is equal to the work given back by the spring in expand- 
ing back to its normal length. Quantitatively, the graph does not fit the problem situation. 
The area under the upper curve should equal the work required to stop the mass (500 
joules), and the area under the lower curve should equal the work required to accelerate 
the mass from rest to 8.0 m/sec (320 joules). In graph (a), the first area is about 50 
joules and the second area is about 30 joules. The force should be increased by a factor 
of 10 to obtain quantitative agreement. Curve (b) represents a case in which work put 
in = energy transferred out. Curve (c) represents a case for which more energy is 
taken out than is put in. Neither of these situations corresponds with the facts of this 
problem. 


PROBLEM 6 A linear elastic spring is compressed 0.2 m by a 
force of 20 newtons. 
(a) What is the force constant k (or force- 
compression ratio) of the spri 
(b) What is the rl i, the potential 
energy stored by the spring as a function of its 
compression? 


a) The spring is linear and elastic. Therefore, F = kx relates the magnitude of the 
force to the amount of compression. Rewriting, 


20 nt 


k = F/x; in particular, k = 02m 7 200nt/m. 
b) If this relation is plotted, we see from F 
F = 100 x that the area of the triangle of 100 nt 
base X, is 2 (100 x, = 50xx? joules. 
This is the work that must be done to com- 100 x 
press the spring and therefore is also the E 


potential energy. Hence, U= 50 x where 
x is the compression measured in meters, 
and U is given in joules. 


PROBLEM 7 The following table gives the kinetic energy E 
(rire ond At levee spring com- 


pressed different distances x. 
x Eg 
Meters Joules 
0.1 0.25 
02 1.00 
0.3 2.25 
0.4 4.00 
0.5 6.00 
(a) Plot the potential energy of the spring 
against the compression x, vi 


(b) Does the spri i i 
Mn Spring exert a linear restoring , 
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a) 


E,--joules 


This point has been 
assumed 


0 0.1 0.2 0.3 0.4 0.5 
x--meters 


Ey the final kinetic energy of a mass as it leaves the spring, is plotted against the 


compression distance, x, before the mass was released. If we assume that no losses 
occur as the spring expands, then the initial potential energy of the spring is exactly 
equal to Ey the final kinetic energy of the mass. In this case, the above plot is also the 
plot of the potential energy. (If there were frictional losses, the problem would be 
indeterminate.) 
b) As was seen in Problem 6, the potential energy of a spring varies yi Square 
T. 2 k 
of the compression, x. If F = kx, the potential energy = E, 7 5 kX , and k. 
x 
2 E 


Let us then compute — We expect that if the spring exerts a linear restoring force 
x 


this quantity will be constant. 


2 
2 Ey 2EJ/x 


x 


FS 
0.1 0.01 0.25 50 
0.2 0.04 1.00 50 
0.3 0.09 2.25 50 
0.4 0.16 4.00 50 
0.5 0.25 6.00 48 


fi ater part of its 
We see that the spring exerts a linear restoring force for the gre 
range but the last point deviates slightly. This may indicate that, at a compression of 
0.5m, the spring was permanently deformed. 


PROBLEM 8 Assume an archer's bow acts like a linear spring. 
e (a) Compare the initiai velocity of an arrow 
shot when the bow string is back 10 cm 
with the initial velocity of the arrow when the 
string is pulled back 20 cm? 
(b) How many times higher can the archer 
shoot in the second case? 


29-20 


a) As the archer pulls back on the bow string he exerts a force of magnitude F = kx. 
This gives a linear force-displacement curve and the area under that straight line is 


jw. This corresponds to the work that must be done in producing the displacement 
X. It therefore also represents the potential energy stored in the distorted system and 
hence also represents the kinetic energy, imv?, which can be transferred to an arrow 


when the string is released. 1 
W=U= E. m 2K = 
Therefore v is proportional to the initial displacement. If x is increased from 10 cm to 
20cm, the resultant speed of the arrow will be doubled. 


b) If the arrow is shot straight up, its initial kinetic energy, inv will decrease as 


work is done against the force of gravity. The measure of this work is force X distance = 
mgh, therefore 

17:2 

gj - mgh nax’ 


Thus the height which the arrow can reaċh is proportional to x*. When the archer doubles 
his initial draw-back he will quadruple the height which will be attained by the arrow. 


PROBLEM 9 Fig. 25-18 shows a roller skate with a mass M 
mounted on it by four hack-saw blades attached 
to a base. The mass M is equal to the mass of 
the roller skate plus the mass of the base, If you 
hold the roller skate and pull the mass M out to 
the left, and then let the whole system go, the 
mass moves to the right and the skate to the left. 
Be prepared to describe the further motion, indi- 
cating the form of the energy at various stages, 


For the solution to this problem we shall assume that all of the motions are frictionless 
and that the entire system is at rest at the instant the displaced mass is released. 


Since no external forces act on the skate-mass system, conservation of momentum 
tells us that the center of mass must always remain at rest. The motion of the system will 
consist of back and forth oscillations of its top and bottom halves, one always moving in 
the opposite direction from the other. The initial potential energy stored in the distorted 
blades is transformed into kinetic energy of the motion ofthe parts. When the blades are 
vertical, the potential energy is zero and all of the energy resides in the equal speeds of 


1512 
the two masses, E, = 2 Xgmv'. When the blades are at the extremes of their distortion, 


the motion of the masses 1s zero and all of 
potential RAN the energy of the system is now in the form of 


If we describe the motion more accurate] 

y we can take into account the vertical 
motion 9 the Upper mass as the blades Sweep it through an arc. This up- down motion 
Poids. es” and “relaxes” the “spring”? of the gravitational field. However, in the un- 

istorted position of the hack-saw blades where the kinetic energy is a maximum, the 
ty never ante eee NO is FE a maximum. Thus the useful energy of the system 
y 0. ere is always some availab 
in the spring or in the gravitational field. T . 


If we take friction into account energy will 
> 1 , gradually be transformed into heat, and 
the motion will stop. Insofar as the friction is rolling cen ona BTA 1 
force will act on the skate- mass system and its center of mass, also, will describe gradu- 
ally diminishing back and forth oscillations instead of remaining stationary as described. 
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PROBLEM 10 What will happen if the 3.0-kg mass in Problem 2 
hooks itself onto the spring and remains fastened 
to the spring? : 


If the mass rémains attached to the spring it will oscillate back and forth in simple 
harmonic motion. 


We can obtain the amplitude of the oscillation by applying conservation of energy. 
Just a8 the mass reaches the spring (and hooks on), its energy is simply the kinetic 


7 2 
1 2 2 kg- m 
energy z ] 2 (3.0) (2.0) “eo = 6.0 joules. At the maximum compression (or 
sec 
extension) of the spring, the energy is wholly potential, U= ly? = 6.0 joules. With 
k= 100 REWER we get: : 
meter Ben 
2 2U. 6.0 newton-meter _ 2 
X my e in -0.12m. 
W 
meter 


x=+ 012m? = + 0.35 meters. 


The mass oscillates back and forth from 0.35 meters to the right, to 0.35 meters to the 
left of the equilibrium position. We can also obtain the period of the oscillatory motion. 
Using the result of Section 2: 


1 = 25 J2- an jones = 1.1 seconds. 


PROBLEM 11 A 0.50-kg mass free to slide on a table is attached 
to a linear spring with a force-extension ratio k 
of 50 newton/m. The mass is pulled back and re- 
leased so that it vibrates with an amplitude of 
0.10 m. 

(a) What is its maximum velocity? 
(b) What is its velocity when it is 0.06 m away 
from its equilibrium position? 


a spring we must deal with both po- 


a) In this case of a mass vibrating at the end of 
E, is a constant, we may write: 


tential and kinetic energy. Since the total energy, 


1 E- E, - U. 
113 
The potential energy of a spring compressed a. Pu? xis kx , where k is the force 
1 
to extension ratio. The kinetic energy is 5 mV - Hence, 
1 
2 m * kx 4 


ion, the kinetic energy is 
At the point where the mass stops and reverses its motion, 
zero because the velocity is zero, and the potential energy is a maximum because the 
from the equilibrium position. 


mass has reached its maximum displacement, X, i 
d the tot 
Hence, when x = +X o OF when X = * the kinetic energy, Ey is zero, ani 
energy is given by: 
des E= Ax 
2 0 
Similarly, when x= 0, the potential energy is zero, and v is at its maximum value, vo. 
At this point the total energy is given by: 
Pl 
E- gm 95 
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Then, since E is a constant, 
\ imv? k , and 


Substituting x 0.10 m, k= 50 nt/m, and m = 0.50kg, 


v. 7 0.10 „50 0.10 X VIOO = 1.0 m/sec. 
0 * 


e AEE 1 
E 2 m 2 20 E 


Therefore, 2 


g kx? - * 
VM eR 7s 


Substituting for x = 0.06 m, and the other given values, 


2—3 
«MES OE [RT DE tx [50 (0.10 - 0.06)(0.10 + 0.06) 
ME 11 m P 0.50 
0 X0. 8 ec. 


= V100 X 0.04 X 0.16 = 10 X 0.2 X 9.4 - 0. m/s 


PROBLEM 12 A spring bumper with restoring force F = 200x 
where F is in newtons and x in meters is com- 
pressed 0.100 meter. A 0.500-kg mass is placed 
next to the end of the spring and the whole thing 
let 


hx With what momentum will the mass leave 
the spring? 
(b) We do the same thing with masses 0.125 kg, 
2.00 kg, and 8.00 kg. What is the momentum of 
each as it leaves the spring? 
(c) What is the energy of each as it leaves the 
spring? 
3) Atthe point of maximum compression, all of the energy is potential, U = im id 
When the spring is released the mass is accelerated until the Spring reaches the equilib- 
rium position. At this point all of the energy is kinetic, and the mass leaves the Spring. 


1 2 
Then E = E 7gmv,. Since the total energy is constant, 


The momentum of the 0.500-kg mass is then 
mv, = x (km - 
= 0.100 KV 200nt/m X 0.500 kg 
= 1.00 kg-m/sec. 
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b) For a 0.125-kg mass, 
mv = x, V km 7 0.100 x /200 X 0.125 — 0.500 kg-m/sec. 


For a 2.00-kg mass, 


mv - x, Vkm = 0.100 & /200 X 2.00 = 2.00 kg-m/sec. 


0 
For an 8.00-kg mass, 
my, = x, Nn = 0.100 * /200 X 8.00 = 4.00 kg-m/sec. 


c) Since the original potential energy is the same no matter what mass is put 1n motion 
by the spring, the kinetic energy is the same for each mass: 


2 1 2 


zl 1 2t 
E 32% 2200 x 0.100" = 1.00 joule. 


Thus, when a fixed amount of energy is transferred to objects of different mass, the 
resulting momenta are not the same, but vary in proportion to the square root of the mass. 


PROBLEM 13 


$ 
2 
E 
t 
5 
$ 
3 
$ 
Š 
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Fig. 25-19 is the graph of the displacements as 
a function of time of two interacting masses 
m, = kg and m; = 1 it 

(a) What is the initial kinetic energy of mj? 

(b) What is the final kinetic energy of m,? 

(c) What is the final kinetic of m? 

(d) What is the minimum total kinetic 

(©) What is the maximum potential energy? 


To find the various kinetic energies we can measure velocities (slopes) of the 
appropriate displacement vs. time curve at the times of interest. To do this, draw 
tangent lines to the displacement vs. time curves and calculate the ratio As/At for the 
tangent line. 


,48.(0.2-0.0m . Erbay 
3 vi t “(0.2 = 0.0) sec ^ 10 m/sec, att=0 seconda: 


The initial Et of mi is: 


imv? =i (3kg) (1.0 m/sec)” = 1.5 joules. 


=As_0.14-0.04 m m k 
b) e $0 3567 888 at t > 0.2 second. 


The final E. of m; is: 


mv = $(8kg)(0.5 m/sec)” = 0.4 joule, ' 


As 0.28 - 0.04 m _ m 
At^ 0.20 — 0.04 sec ^ 1.5 Tec at t v 0.2 second. 


I The final E, of m, 1s: 


e) Vo = 


1 reg | 
BMgVo.= 5 (1kg)(1.5 m/sec)” 7 1.1 joules. 
We note that energy is conserved in the interaction. Before the interaction started: 
A * (y) 7 1.54 0.0 = 1.5 joules. 
1 2 
After the interaction is over: 


H * NA 70.4 1.1 - 1.5 joules, 


= 216 - 01 Amie 
2 At 20 00 sec ` 0-75 m/sec at t = 0.09 Second, 


The kinetic energy at this time is: 


zm vz Am. 2.1 + 2_1 2 
2 11 2 730 + my" =5(8+ (752 = 1.4 joules, 


€) The total energy equals the initial (or final) kinetic energy, if we take the potential 


Se, XXL O4 ee 00.4300, FAC Ie :GVP EE CREMAS 
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energy to be zero at separation greater than the range d of the interaction. The total 
energy is therefore 1.5 joules. At t= 0.09 second, the kinetic energy was 1.1 joules. 
Thus the potential energy at this time must have been: 


U=E- EE 1.5 joules - 1.1 joules 0.4 joule, 


Note. Two curves similar to those in Figure 25-19 can be obtained by using the soft 
spring bumpers with the carts in the arrangement described in Experiment M-14. 


PROBLEM 14 Two masses m, = 1.0 kg and m, = 2.0 kg are 


nes despite an elastic interaction 
Ger e piod Sin is 27 joules 
greater than it is when they are d the dis- 
tance at which they interact. If they are let go, 
what will be the final kinetic energy of each? 


Conservation of energy indicates that the final kinetic energy must equal the initial 
potential energy: 
(Ep 


* (U) 7 (E + (U) 
initial Initial nal final 


0 + 27 joules = (E) +0. 
final 


1 2: 2 
Therefore, 5m,V, +> M Vo 27 joules. 


To determine how the kinetic energy is divided between the two masses we must use 
the principle of momentum conservation. Since no other forces act on m, and My except 


the forces of mutual interaction, the total momentum does not change. Since both masses 
are initially at rest, the momentum is zero initially and thereafter: 


mi V + mov, 20 
IVa N 


the minus sign signifies that they fly off in opposite directions). Knowing the equality in 
ERES of [^ ends enables us to find the ratio of kinetic energies: 


Ed m 2 
un 2300 
(E) 1 2' 

ka 2m 
By multiplying the numerator and the denominator by mi m. this becomes 
1 2 
Da nad ud 
P (m,v,) 
Using the values of m, and m, we have: 
CY = — = 2.0 =2.0 
Gp. m, 10 


B= E 6) 20 + Cy), (0 


m, 1 


27 joules = 27 joules - 9 joules = 18 joules. 
Thus Eh, = 27 joules = joule , and A j 
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PROBLEM 15 (a) A ball of mass 0.25 kg is thrown to the right 
at a speed of 2.0 meters per second. It starts 
along the frictionless surface at the left of Fig. 25- 
20. How high up the slope at the right will it go 
before coming momentarily to rest? What kind 
of motion will it perform? 

(b) If the ball is released from rest at point P, 
what kind of motion will it perform? How 
high up the slope on the right will it rise? What 
is the binding energy (the extra energy needed to 
make the ball escape from the well in the center 
of the figure)? 

(c) What is the binding energy in part (a)? 


45* 


2 
13221 
a) The initial E is 2 my 20.25 kg) (2.075) = 0.50 joules. The ball gains kinetic 


energy (and loses potential) as it drops into the valley, but then loses kineti 
s c energy as 
15 5 up the other side, until at the instant it reaches the original elevation it will again 
ve 0.50 joules Ek It continues to rise to a vertical height h such that mgh = 0.50 joules. 


Thus, . fit = 0.80 joules _ 4 45 meer The sl h 
mg Gaius z 2 i e slant height Pang" 0.29 m. 


The ball can be thought of as reboundin. from an inte 

raction; it comes in from the left 
dips, rolls up the hill, and them reverse t: ; 
the ame pesi I CD initially 8, retracing its path and Eoing off to the left with 


b) The motion will be oscillato. It will rise as high on the right as it was initially on 


the left. To escape from the valley it would need addi 
tional ener, 
where h is the additional height it must rise, 0.5 meters. The — 9 ee” 


0.25 & 9.8 & 0.51.2 joules. 


c) The binding energy in Part (a) is negative beca parti 
gai use the cle 
Spare when it is free of the valley. One must take away 0.50 joule Voici [aka Ag 
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PROBLEM 16 A linear spring whose force-extension ratio k is Be 
40 newton/m hangs yertically, supporting a 
0.80-kg mass at rest. The mass is then pulled 
down a distance of 0.15 m. 
(a) How high will it rise? 
(b) What will be its maximum velocity? 
(c) How would the answers to (a) and (b) dif- * 
fer if the experiment were done on the moon? 


This problem is straightforward if it is recognized that the constant force of gravity 
(mg downward) on the hanging mass has no effect beyond that of shifting the equilibrium 
position. This is easy to Bee if we consider first the forces acting on the mass when it 
is in the equilibrium position. The resultant force is zero; the downward pull of gravity : 
is balanced by an upward pull by the spring of the same magnitude. What is the resul- 
tant force on the mass at other positions? The gravitational force does not change, but 
the spring force changes. If the mass is above the equilibrium position the spring exten- 
sion is smaller, the spring force is smaller and the resultant force is down, back to- 
ward the equilibrium position. Similarly, if the mass is below the equilibrium position, 
the extension of the spring is larger, the upward pull by the spring is larger and the 
resultant force is up, again back toward the equilibrium position. The resultant forces 
are just kx (where x is the displacement from equilibrium) in a direction opposite to 
the displacement. At equilibrium the spring extension, 8 he is such that ks, =mg. For 


a displacement x, below the equilibrium position, the spring extension is 8, * X, the 
Spring pull is k(s, + x)= ke + kx = mg + kx and the resultant force is kx (up). 


2 
Since the net spring force at any x is kx, the potential energy will be 1/2kx , (the 
potential energy being taken as 0 at equilibrium, x= 0). 


This problem is similar to Experiment HI-12. The yellow pages for that experiment 
contain further commentary. 


After these preliminaries, the questions can be answered readily. 


a) Since the force is linear we have simple harmonic motion, with the extreme points 
of the motion at equal distances below and above the equilibrium position. Therefore the 
mass will rise 0.15 meters above the e uilibrium position, (0.30 m above the release point). 


b) As the mass passes through the equilibrium position (x = 0) its potential energy will 
be a minimum (1/2k X o? = 0) and its kinetic energy will equal the total energy: 


1.9 f E 
;mv -E-gkX, 
2.k.2 
Mese e and ; : 
40 nt-m ,. ga Y 
vet 15 60 2 . + 1.1 m/ See 


us that the speed of the mass is alternately upward and downward. 


the same answers are 

are independent of the gravitational field, 

obtained on the SERO LE the rl or anywhere else. The only effect of changing g is to 
mg 


change the extension of the spring at equilibrium, o f 


The + sign simply reminds 
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PROBLEM 17 A 0.200-kg stone is thrown upward from a point 
20 meters above the earth's surface at an angle of 
60 degrees with the horizontal and with a Speed 
of 20.0 m/sec. 

(a) What is its total energy? M 

(b) What will be its total energy when it is 
15.0 m above the earth's surface? 

(c) What will be its speed 15.0 m above the 
earth? 


To compute the total energy of the stone we must first select a convenient zero of 
potential energy. For convenience we choose the surface of the earth. 


3) The initial kinetic energy 5 mv? = 10.200) (20.0? = 40.0 joules. The initial po- 
tential energy, mgh, is mgh = 0.200 X 9.8 X 20.0 = 39.2 joules. 


The total energy is the sum of the kinetic and potential energy at any instant: 


39.2 + 40.0 = 79.2 joules total energy. 


b) Since the total energy in this system is conserved (we neglect air resistance) the 
total energy is 79.2 joules at all points on the path. . 


c) At 15.0 m above the earth's Surface the potential energy mgh = 0.200 X 9.8 X 15.0 = 


29.4 joules. Therefore using the conservation of energy the kinetic energy, inv?, is 
given by: 


dmv" + 29.4 - 79.9, or }mv" = 49.8 joules, 


vm 5.20 49.8 
v = 22.3 m/sec. 


PROBLEM 18 A mass m, moving with speed ù, hits a mass m, 
head on. The mass m, is originally at rest, and 
the collision is elastic. If mi equals 10 m, 
estimate the ratio of: 

(a) the initial kinetic energy of m, to the final 
kinetic energy of m,. 

_(b) the final kinetic energy of m, to the initial 
kinetic energy of m. A mass colliding elastically 
with a spring bumper solidly fastened to the earth 
loses Practically no kinetic energy as a result of 
the interaction, 

©) Do your answers to (a) and (b) agree with 
this statement? Be Prepared to discuss this, 

` Note: For parts (a) and (b), use the equations 
m -m „ 1 
75 mmy and v’ = mam 
for the final Speeds of m, and m, 


The solution can be estimated without using the formulas in the note: 


8) As suggested in the last Sentence of part (b), the Stipulation of 
. analogous tothe situation of a ball bouncing on the earth. The earth’ 
Thus in an elastic collision m4 will have equal initial and final kineti 


51 


this problem is 
8 recoil is negligible 


C energies. 
b) The final kinetic energy of m, will be negligible. 
c) Yes. 
In order to calculate the answers, numbers can be Substituted in the equations that 


are given. 


| 
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An wale 
En & 
A wee cn qs 19240 - 1975. 
2 eras - 
1 2417 1024 7 102) ! 


x 2 
j^ Im. v v 2 
1 am SU 0*5 here a= 102“ 
(1 - a) 


2 
Now (1 T a)“ =1+2a+a. Since a is much less than 1, the three terms on the right con- 
tribute in various approximations to the term on the left. That is, a first approximation is 


|^ qa? 1. 


A more accurate approximation is 


4512412 102 


while the exact answer is 
(4 a)” 121 4 1 (2% 10240 + 198. 


The three terms (1, 2X 10724, 10748) are progressively smaller, the ratio of suc- 


2 
cessive terms being only about 1 part in 10 t 
Likewise (1 - a)” 41 - 2a=1-2% "Tied 


We now approximate 1 24 by 1+ 2a. 
The validity of this approximation is seen by simply performing long division: 
1+ 2a+ 422 + PoR 


1- 2a 
1- 2a 
2a 
2a - 4a? 
4a 
4a - 8a 
8a 
+. 
The remaining terms involve higher and higher powers of a. In the spirit of the approx- 
imation of neglecting 42 we have, then 
dr 
2 1+ 2a. 
Thus, 
1 mv,” 2 
2^1 1 gU eec Be A 2a (1+ 2)? & 1 4a, 
Lowe TE * 24 
gm" 0-9 
(Ej) 


724 nich is very close to unity. 
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(b) We can compute the ratio of the final kinetic energy of m, to the initial kinetic 
energy of m, using the principle of energy conservation. i 


In part (a), we have obtained: 


-24 
Eo, = (EY) (*4x10*^). 


) 
1 
i f rgy: ` 
But by conservation of ene: gy E.) „ GE) -(E) , 
“k k 2 K 1 
: (E,) 


1 
" - (E - (E“ - (E ) Worse eem pay 
R eo^ i w, ; 101 191 124x104 


or A = ©) fl-(1-4x 1024). 


Therefore 


An alternate method is: 2mi 


Therefore: 


( 1+ 10.250 


€) Yes, since the mass of the earth is 6 X 1024 Kg, much larger than a typical mass 
used in the laboratory. 


PROBLEM 19 


Fig. 25-21 illustrates a Very common toy consist- 
ing of a wheel and shaft held to a Support mag- 
netically. When the toy is held upright, the rotor 
will move down one side starti bu rest, round 
the curve at the bottom, and cli b up the other 
side. 


(a) If you have such a toy, find how much 
energy is lost from mechanical energy (the sum of 
gravitational potential energy plus kinetic energy) 
in one period of the motion. : 

(b) The energy lost is what fraction of the 
maximum kinetic energy during the motion? 

(c) Into what form of energy does the lost 
energy probably go? 
Note: A "period" of the motion is the time it 
takes the rotor to go completely around the s 
port and return to its initial position, 
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To compute the fraction of the maximum kinetic energy represented by the energy lost, 


we consider Fig. (a) 
kinetic energy at the 


. Starting at rest from the top, the rotor would acquire its maximum 
bottom, and, if there were no losses, the kinetic energy at the bottom 


would be equal to the initial potential energy, mgh. The maximum kinetic energy with 
losses will be a little less. Asa rough approximation we Shall simply use mgh. 


initial height h 


Initial position 


d 


T— 


position after 
one round trip 


If, on completing one round trip, the rotor's highest point is a distance, d, below its 
starting point, it has lost energy mgd. Therefore the ratio of the energy loss to the 


initially available energy is: mgd d 
k mer 


h 


In this example the lost mechanical energy will appear as a temperature rise. The 


PROBLEM 20 


The toy, to come 


loss results from friction and from electric currents set in circulation by the rolling magnet. 


Can you design a simple come-back toy? The 
outside is a cylindrical container. When the con- 
tainer is rolled away from you on a table, it will 
come to rest in a short distance, reverse its direc- 
tion of motion, and come back to you. 


back, must have a device which enables it to build up potential 


energy as the cylinder rolls away. 
If a mass is attached to the inside of the 


cylinder, (see figure), the potential energy 
has a maximum when the mass is at the top 
and a minimum when it is at the bottom. The 
toy is much like a pendulum which can swing 
through the full 360°. h mass fastened to 
the cylinder 
If the cylinder is rolled so that, when the 


mass is at the bottom, the kinetic energy is 


~ 


less than mgh, it will roll until the kinetic 
energy has gone entirely into gravitational 
potential energy of the raised mass. Then 


it will roll back. Its 


motion will be oscillitory. If the initial kinetic energy is larger than 


mgh, the cylinder will never come to rest, but its motion will be somewhat jerky. 


The toy descril 
come back. To m: 


potential energy change more 


bed above cannot roll farther than one half its circumference and still 
ake a device that will return after many revolutions, we must make the 


slowly with the angle of rotation. One way to do this is shown 


in the figure on the following page. 
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outer cylinder 
with end plates 


rubber band — 


massive bar 


End view of comeback toy Side view of comeback toy 


The bar is suspended from a rubber band in such a way that the 
the cylinder is turned relative to the bar. As the toy rolls, the bar remains hanging down- 


ward, causing the rubber band to twist. Eventually the ori 


PROBLEM 21 When an object of mass m moves from r to r’ in 
the earth's gravitational field the potential energy 


changes by AU = GH, — T), where Mis 


the mass of the earth, 

Show that, if the object moves away from the 
earth a distance Ar = (r’ — r) which is very 
small compared to its distance from the earth's 


center, the above expression reduces to 
AU = mear. 
=- en 
AU = -GmM rr ne 5 


Substituting r’ = r + Ar, we get: 
Au-SmMAr | GmMAr 
rr * Ar) rz TUR ` 
T 
Then, since SM. =g, we have: 
r 


Au--mgAr 


1 is very small compared to 1, this is the same as 
AU = mgAr. 
PROBLEM 22 ues the binding energy, to two — figures, 


(a) a 70-kg man to the earth, 
(b) the moon to the earth, 


The first term represents the potential ener we must s 

upply to move fro: infinity. 
However, if m has a velocity v when at the initial distance T, des can Make T: 
energy as a head start. With an initial velocity, and if we are content to bring the mass at 
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system. We can save 1/2 mv’. 


A man at rest on the surface of the earth has some useful speed (and kinetic energy) 
due to the rotation of the earth. (A satellite must be fired from west to east to make use 
of this kinetic energy.) If the man is located near the equator, 


6 
X6. 
27 X 6.38 X10 meters 4.64 X 10? m/sec. 
8.64 X10 sec 
Using this v, the kinetic energy can be calculated: 


2 
2 
Xx ( 64 X ) 
im 2 2 10 7.5 * 10° joules. 


The required increase in potential energy is: 


-11 24 
x 
SuM = (6.67 X10 ^")X70xX5.98X10 q 4.4 * 10? joules. 


6.38 X 10 
From the above, it is apparent that, in this case, the kinetic energy is negligible .com- 
pared to the required change in potential a 


Ey" -M- lay) = 4,4 X 109 joules - 7.5 x 10° joules 


v= 


» 4.4% 105 joules, 
b) To find the binding energy of the moon we must compute both GmM 


the mass of the moon, and r is the radius of the moon’s orbit about the enrth, and algo 
the moon's kinetic energy, ine". (The kinetic energy will prove to be a significant fraction.) 


(where m is now 


The moon travels a path of length 27r in a time T, its period. Therefore 


1 z. 2L mr” 
r 


27r 1 -i 
v= 2E and E, = 3 mv" m= 
From page 334 of the text we haye: m = 7.34 x 10? 1 r=3 3.8 x 10° meters, and 
T= 2.36 x 109 seconds. We can then find the kinetic energy: 


2 
2 2 8 
2n mr 22 3.8X10m |, 28 
Eu (Ai 3.8 x 107° joules. 


P 2.36 * 10 m 
The potential energy, 9 , 18 found using G = 6.67 X 10 Hm PE M = 5.98 X 1024kg, 


and r = 3.8 X 10 bog 
6,67 x 1j 13 x 7,84 x 10% x 5.98 x 1074. a x 1028 joules. 
3,8 X 10 
The binding energy is therefore: 
p, = SEM m = (7.1 - 3.8) x 1028 joules = 3.9 x 107? joules. 


B r 


* = my^ . * the kinetic energy supplies just 1/2 the needed change in 


U= 


(In detail 
potential mes we must supply the other half.) 
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PROBLEM 23 The force field between a pair of protons is re- 
pulsive. Does the potential energy increase or 
decrease as a pair of protons are brought together? 


Since the force between the protons is repulsive, they resist being pushed together, 
or fly apart if released from rest. When accelerating apart, they are changing potential 
energy to kinetic energy. There is therefore more potential energy when they are com- 
pressed and less as they go apart. 3 

Another way to look at the situation is to note that we transfer energy to the protons 
1n order to push the protons together. Consequently their potential energy is increased 
when they are brought closer together. The situation is analogous to that of a compressed 


Spring. 
PROBLEM 24 The force of repulsion in newtons between two 
1 2.30 x 10-* : 
electrons is given by F = ——Pjg Where xis 


the separation between them in meters. If each 
of the electrons has a mass of 9.00 x 10-* kg and 
they are held 1.00 x 104 m apart and then re- 
leased, what will be: t ich 
(a) the kinetic energy o when are 
2.00 X 107" m S 
(b) the velocity of each? 


This problem may be a bit easier if it is preceded by Problem 23, 


The force, F, between two electrons is given by 


PORNXS 
"ER WEPT, 


» 


x 


hence, this 15 an inverse Square law and depends on the Separation in the same way as 
or 15 e The fact that this is a force of repulsion means however, 

» in any relative displacement, the change in potential energy is the negative of what 
it would be if the force were one of attraction. T 


If the force were one of attraction, by analogy to the expressions for gravitational 
attraction, the potential energy of the particles at a separation, X, would be 
à -28 
U= -~ 2:30 X10 


„ 


* 
where we take the potential energy to be zero when the particles are a great distance 
apart. Since the force is one of Tepulsion we need the negative of this result to get the 
actual potential energy at separation x: 


-28 
U at separation x = + 280x190" 5 


velocity of either by v, 2x(1/2 my?) + U= constant (the total energy) = 55 1016 
(Since when x= 1.00 X 1040 m, y= 0.) y diga 
i i 
The pere in kinetic energy 2 vz) 7 decrease in potential energy. Ata separation 

of 2.00 x 10 m, the potential energy, U, is given by: ? 
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y= 230X 10 
ie 
2.00 X 10 
E G mv?) _ 2.30%10778 5.39 x 1078 
1.00x190 19 2.00 & 10 19 


or, dmv” = 0.575 x 107 18 (oules. 
1 


Therefore, 


b) Since m = 9.00 x 1081 = 0.900 x 10 9. kg, 


-18 
vd 2x0.575x10 18. EASA E 3 X 10° m/sec. 


0.900 X 100 


PROBLEM 25 What is the binding energy of the 
electron in a hydrogen atom if the proton and 


. 23 N 10-* 


r 75 


with a force on it. Assume it is moving in a circle 
around the proton. 


In Section 25-4 the potential energy corresponding to an attractive force amm was 
r 
GMm 1f the potential energy is taken to be zero at infinite separation. 


Shown to be U = - TD 
The force of attraction between an electron and a proton is E. The corresponding po- 
r 


tential energy is therefore U = dE The total energy 18 then: 
Sg: d 
E- XR mv, 


where m is the mass of the electron and v its speed. 
Since the mass of the proton is much greater than that of an electron, we can (to a 


good approximation) neglect its motion just as we neglect the motion of the sun due to the 
force of the planets. For uniform circular motion, the acceleration toward the center 
2 


(. e., the acceleration of the electron toward the proton) is r . Equating ma to force 


then gives: 2 
me. por my? =E 
EO A r 


Thus the total energy is: 
EAX K. 
TY 2 E . 
If the electron were pulled just free of the proton the total energy of the system would 
be 0 (0 kinetic energy is infinite separation, where U=0 also). Therefore to free the 


electron we would need to add an amount of energy: 
Jk. 23x10 55 
B 2r 250.80 * 10 


8 


10 2 10. joules. 
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PROBLEM 26 A drain pi inting sli downhill sticks out 
from a tet ees ar Me nie Ga ak A 
ball thrown up the pipe comes back with a greater 
speed than that with which it was thrown. If this 
happened to you, would you be surprised? What 
would you suspect? 


Whether or not one would be Surprised no doubt depends on whether he realized that 
the returning ball has gained in total energy (the potential energy is the same as when it 
was thrown since it is at the same place, but the kinetic energy is larger). Let's hope 
the students would be Surprised! The most probable explanation would be that someone 
had caught it at the other end of the pipe and had thrown it back down. 


PROBLEM 27 ; With about what fraction of the original mass can 
a rocket using chemical fuel "escape" from the 
earth? 


In Section 25-5, the excape velocity was calculated as 11.2km/sec. The amount of 
fuel required depends very strongly on the exhaust velocity. If we assume an exhaust 


velocity, MSS 2 km/sec, the required rocket velocity can be expressed as ue ven 5.6v 


Figure 23-15b (page 375) was obtained using conservation of momentum. From this figure 
we find that the ratio of final mass to original mass is about 0.0037 for I = 5.6. (Note 
A e 
that 0.0037 = e 2o We can see the significance of improved fuels by noting the effect 
of a 10% increase in exhaust velocity. For Vo = 2.2 km/sec, v/v, = 11.2/2.2 = 5.1, 


and the mass ratio increases to 0.0061, almost twice as much pay load as with the slightly 
lower exhaust velocity. Doubling the exhaust velocity would give a ratio of about 0.06, 
an improvement by a factor of about 161 
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Chapter 26 — Heat, Molecular Motion, and Conservation of Energy 


This chapter serves a two-fold purpose. First it provides a major link in the 
energy conservation chain. In any experiment involving mechanical interactions, a 
transfer of energy is almost always accompanied by the conversion of some mechanical 
energy into heat. In developing the concept of heat as a form of energy, the text accom- 
plishes a second, equally important, objective. Chapter 26 provides a natural transition 
from the problems of mechanics to the ideas of atomic structure in Part IV. This bridge 
1s provided by treating heat from the point of view of kinetic theory. 


Sections 1 and 2 discuss the motion of the molecules of a perfect gas. Relations are 
developed between the momentum and kinetic energy of individual molecules on the one 
hand, and the pressure and temperature of the gas as a whole, on the other. The 
sections present the kinetic theory view of gas pressure, and point out the proportionality 
of absolute temperature and mean kinetic energy of center of mass motion of the mole- 
cules. The concept of thermal energy is developed, and a distinction is drawn between 
total thermal energy and kinetic energy of center of mass motion. 


Sections 3 through 7 tie up the remaining loose ends. Mechanisms for conversion of bulk 
kinetic energy to random molecular kinetic energy are discussed. Experiments which 
establish the mechanical equivalent of heat are described. Heat transfer and calorimetry 
are described briefly. The chapter closes with a summary of the breadth and scope of 
energy conservation. 

SCHEDULING CHAPTER 26 


The following table suggests possible schedules for this chapter, consistent with the 
Schedules outlined in the summary section for Part III. F 


15-week schedule 9-week schedule 
for Part III for Part III 
Subject Class Lab Class Lab 
Period Period Period Period 
5, 6, 7 


Laboratory. Experiment III-14, A Head-on Collision, uses the roller skate carts with 


j spring loaded bumpers and the ticker-tape timer to analyze energy changes in a collision. 


By using less elastic bumpers, increased loss of kinetic energy is shown. This experiment 
can be done at any point in the discussion of Chapter 26. 


Home, Desk and Lab. A number of the problems for this chapter deal qualitatively with 
energy transformations in systems such as gasoline engines or machine guns. Discussion 
of some of these problems will be an effective way to drive home the concept of heat as 
kinetic energy of molecular motion. If you are pressed for time, discussion of such prob- 
lems can carry the principal load in developing this chapter. Problems which are well 
suited to this purpose are numbers 1, 10, 21, and 22. Problems 7 and 8, involving the 


behavior of an ideal gas, and Problems 16 and 19, concerned with the mechanical equiva- 


lent of heat, are interesting if you have enough time. 
The following table classifies problems according to their estimated level of difficulty 


and the sections to which they relate. Those which are especially suited to class discussion 


and those which are home projects are indicated. Problems which are particularly recom- 


mended are marked with an asterisk (*). Answers to problems are given in the green pages. 


10, 21* 25 1 10, 21, 22 15, 26, 27 


** Students will find Problem 5 easier if it Is preceded by Problem 4. 


Films. ‘‘Mechanical and Thermal Energy", by Jerrold R. Zacharias of the Massa- 
chusetts Institute of Technology. This film views energy conservation microscopically, 
relating random molecular kinetic energy to the macroscopically observed variables. 
Using models, this film shows the interconnection between energy of bulk motion and 
thermal energy of random motion, how random motion can Average out to a smooth effect, 
and how thermal conduction occurs. This film is best scheduled with Sections 3 through 7. 
Running time: 22 minutes, 


Conservation of Energy'' shows the kind of “energy accounting" that can be done at 
a power plant by tracing the gross energy changes from the chemical potential energy of 
coal, through thermal and mechanical energy to electrical output. This film can be 
Scheduled with the latter parts of the chapter. Running time: 27 minutes. 
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Section 1— Gas Pressure 
Section 2 — Temperature and Molecular Kinetic Energy; Thermal Energy 


PURPOSE 1) To develop further the atomic model of matter through the study of the 
kinetic theory. z 


2) To introduce the idea that energy resides in the random motion of atoms, and to 
identify this as thermal energy (heat). 


CONTENT a. The force exerted by a gas on the walls of its container can be understood 
as the average effect of many very small impacts of the gas molecules. 


b. The force exerted gen "x area, the pressure, is related to the mean kinetic energy 
of the molecules by P = 3 ER y where P is the pressure, N is the number of molecules 
ina volume, V, of gas, and Ek is the mean kinetic energy of center of mass motion of a 
single molecule. 


c. Ex is Net proportional to the absolute temperature of the gas: E, —- 3k qu 
k= 1.37 X 10 joules/molecule K. Ife 
d. Aone mole sample of any monatomic molecular gas (He, A, Ne, eto.) rises 1°K in 


temperature when 12.4 joules of energy is fed into it. Gases constit 
. uted of more com- 
plicated molecules (Hy, O,, Na, etc) may require more energy input to produce the same 


temperature change, since some energy may go into rotation and vibration. 


€. This close relationship between random molecular kinetic energy and 
temperature 
(and therefore heat) supplies one more link in the chain of energy 0 eee 
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EMPHASIS While these sections contain many new ideas, some rather 

that you spend on this material can be se a to bring your over all drei hos 1 — 
with your requirements for the remainder of the course. Minimally, students should get 
some feeling for the possibility of conversion of organized“ kinetic energy into the 
kinetic energy of random molecular motion. 


COMMENTS Some students may see that the derivation given in the text is high! 
y sim- 
plified. They may note that it implicitly assumes that all particles or molecules travel 


with the same speed. 


Even if all molecules have the same speed initially, they eventually collide with one 
another. Even if these collisions are elastic, they produce shifts in speed which would 
eventually lead to a broad spectrum of speeds. When two such objects collide elastically 
while their center of mass is at rest with respect to the laboratory system, no change in 
speeds results in the laboratory system. When their center of mass is in motion (e. g., 
collisions at right angles) changes in speeds result. A molecule moving with speed 3v 
would have nine times the kinetic energy of one moving with speed v, but would possess 
only three times the momentum of the slower molecule. Thus the relation between 
pressure and kinetic energy must somehow depend 
of various molecules. A rigorous proof is possible (one whi 
actual distribution of velocities), and it gives the same result 
in this section. The actual distribution of velocities can be shown to be simply the one 
that is statistically most probable. It is called Maxwell’s distribution. » 


* * * 


the very heart of the kinetic theory of gases, one of the 
great achievements jn physics. We show (or at least present plausibility arguments in 
lieu of more complicated but exact proofs) that the bulk thermal properties of matter can 
be described exactly in terms of the dynamics of the motion of the individual molecules 
comprising à substance. Yet some students may feel that, after all, we have defined the 
equivalence of temperature and kinetic energy by our theory — so why should it be sur- 
prising that they turn out to be equivalent! The answer is that there is no quantity in 
dynamics which corresponds explicitly to the temperature. The parameters of mechanics 
force, speed, acceleration, momentum, energy, etc. The remarkable accom- 
is that it identifies such a complicated macroscopic pro- 
imple a microscopic dynamical property as the kinetic 

f the molecules. 


In these sections we are at 


are mass, 
plishment of the kinetic theory 
perty as temperature with so 8 
energy of motion of the centers of mass o 

* * * 


ry would be purely formalistic if it were not 

possible to confirm the model by direct observation. There are several easily verifiable 
predictions which have been found to pe true. Some of these have been discussed earlier, 
in Part I, Chapter 9, put might well be reviewed in the present context. For example, 


2 
from the simple relation kT = 3 w, we can conclude: 


of course, the whole of kinetic theo 


1) That the average speed of motion of molecules of mass m at absolute temperature 


skr? 
Tisv- (25) . Typically, for hydrogen (Hy, m 


(T4300 K), V € 2 * 10° m/sec, a bullet-like speed which can easily be measured by 
letting molecules escape one by one into a vacuum system. 

2) For a collection of molecules of different masses, all at the same temperature, 
the relative average speeds will be inversely proportional to the square roots of the 
masses — a fact which is verifiable by measuring the relative rates of diffusion through a 
porous membrane (this is the pasis for the separation of uranium isotopes by the gaseous 


diffusion process used at the great plants at Oak Ridge). 


* 3 * 10 7" yg) at room temperature 
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The words ideal gas” recur frequently in discussions of the kinetic theory. An 
ideal“ gas is one in which the molecules are approximated to be geometrical points 
which interact only through very short-range forces, by colliding with one another in the 
manner of perfectly elastic spheres. This is our basic model for the kinetic theory, and 
1s approximated by simple gases at low pressure. 

* * * 


The kinetic theory has quite broad applicability. Not only can we explain the thermal 
properties of simple gases, but we can also understand why ‘‘nonsimple’’ substances like 
polyatomic gases and liquids and solids exhibit different thermal behavior. We can account 
for the differences quantitatively for the polyatomic gases. However, for condensed 
systems, we are limited by the extent of our knowledge of the actual forces of interaction 
between the molecules. 


Of course, if molecules actually did not interact through long-range forces, we would 
never see matter in the condensed liquid and solid states. Thus we know that the ideal“ gas 
model is obviously only an approximation. One of the most striking pieces of evidence of the 
presence of long-range forces between molecules is the drop in temperature of a gas 
which is suddenly allowed to expand freely by passing through a nozzle into a large cham- 
ber. This phenomenon is usually called the Joule-Thompson effect, and is the basis for 
most refrigeration machines. In a free expansion, no work is done by the gas, and there 
would be no energy transfer involved unless there were some potential energy associated 
with the average separation of the molecules. Thus if there were no long-range inter- 
actions between the molecules, their average kinetic energy would not be affected by the 
distance between them, and there would be no temperature changes associated with a 
Íree expansion. (See Appendix 10 at the end of this volume for a discussion of the energy 
inherent in polyatomic molecular systems. See also HDL Problem 24.) 


QUIZ PROBLEMS 1. A box contains a mixture of one mole each of oxygen (molecular 
weight 32) and argon (molecular weight 40). What is the ratio of the average speed of the 
oxygen molecules to that of the argon? 


. 172 1/2 
2 %, 2 ma]; therefore, 2 (n /m) 2 (40/32) /2. 2.12; 


2. Ifthe box in Problem 1 is at a temperature of 273* K and the gas is at a pressure 
of 1 atmosphere, ; d 
(a) What is the volume of the box? 


(b) What is the average kinetic energy of the center of mass motion of the oxygen 
molecules? 


(c) What is the average kinetic energy of the center of mass motion of the argon 
motion? 

a. One mole of any gas, if contained in a volume of 2.24 x 10 2,3 at a temperature 
of 273* K, will exert a pressure of 1 atmosphere. Inasmuch as this problem specifies 1 
mole each of two gases, the pressure in a 2.24 X 10 “nr container at 273* K would be 2 
ae en To reduce it to one atmosphere, the volume would have to be doubled to 
4.48 X 10 m 


b. Ey = 12.4 X 273 = 3.39 x 10° joules. 


A 3 
C, Ek 7 3.39 X10" joules. The center of mass kinetic energy is the same for all 


molecules at the same temperature. Oxygen molecules could have, 


of rotation, vibration etc. is pees QuAREy 


3. A box contains a fixed volume of helium at 0° C ata 
pressure of 2 at , 
The box is dropped into boiling water (temperature 100* C). If the box CS ese imi 


38 
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mosphere = 10° nt/ m?) 
746 


P,/P, = T/T% or 2752 = 213/373. P 273 2.7 atmospheres; 


Eg = 373 X 12.4 = 4.62 X 10° joules/mole. 

The density of the gas does not change during the heating since the volume of 
the box and the quantity of gas remain constant. Originally the pressure at 
273° K was 2 atmospheres. Tus there were 2 mole/2.24 X 107 m3. Then 
the kinetic energy per unit volume would be 


moles _ 3 2 
E, X columns 4.62 & 10 X i =4.12X 10° joules/m?. 
2.24 X 10 


24 
4. 4 10 gas molecules are in a box at a temperature of 50K. They exert a 
pressure of 0.03 atmospheres. What is the volume of the box? 


PV = NkT 2 
newton-meter atm-m 


2 23 DOVOD- TETE, 2 
10 4 molecules X 1.37 X 10 5 molecule-^K X 50*K X 10 2 newton 


yd eee e 
P 0.3atm 


= 0.09 ms. 


Section 3 — Mechanical Energy of Bulk Motion and Internal Energy 
Section 4— The Equivalence of Mechanical and Thermal Energy 


Section 5— Heat Flow 
Section 6 — Quantitative Relation of Energy Dissipation and Temperature Rise 


Section 7 — Conservation of Energy 
PURPOSE These sections amplify the principle of equiv: 


energy. 
EMPHASIS These topics are all relevant and interesting, but the main points involved in 
e been made previously. Therefore the time spent on this material 


energy conservation hav 
1s strongly dependent on your over all progress through your schedule for the course. 


LABORATORY Experiment III-14 is designed to give students a feel for situations in 
which some mechanical kinetic energy is converted into heat. 

FILMS ‘‘Mechanical and Thermal Energy" and „Conservation of Energy can be used 
advantageously in connection with work on these sections. 

DEVELOPMENT To help give students a good feeling for the magnitude of the mechanical 
equivalent of heat, you might ask them to work out a few simple energy balance problems. 
For example, ‘‘How far can a 50-kg man climb on one slice of bread?" Assume there 
about 4.2 X 109 joules in the piece of bread. Then the man can 


x 10° joules ‘‘on one slice of bread’? 


alence of mechanical and thermal 


are about 100 Calories or 
increase his potential energy by an amount mgh = 4.2 


5 
4.2 X10 y 850 m, quite a fair climb! (Overweight students may see why it is 


Solving, h 50 x 9.8 
better not to have eaten that one slice of bread" than to try to exercise it off!) See 


Problem 15 in HDL. 
Students (at least those who do not exercise violently may wonder where all the food 
lazy ones), most 


energy in the daily 2000-odd Calorie intake goes. Fortunately (for the 
of it is consumed in just keeping us alive and warm, keeping our heart and lungs going and 


our brains clicking away. For an average person, this basic amount comes to about 


100 watts ao? joules/sec or about 8.6 X 10° joules per day). Since this energy is just 
about that supplied by 2000 Calories per day, we can hold our weight without climbing 


ten mountains a day. 
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COMMENTS As shown in the film Conservation of Energy", many large industries keep 
2 complete energy record. A power plant using river cooling usually knows the input and 
output temperatures of the cooling water, the temperatures of stack gases, the heating of 
generators and the energy rating of their fuels. Of course they also keep a strict record 
of the electrical energy delivered to their customers. If they do not see the film, Some 
Students might be interested in visiting a local power plant to see how such an energy 
accounting"! is carried out. > i 

* 


To most professional physicists, there is no other concept in physics with a grandeur 
equal to that of the law of conservation of energy. Allinteractions in the universe are 
inter-related through this one quantitative framework. Yet even this law, like all physical 
laws, rests ultimately on experimental observations. It is possible that over the whole 
universe, of which we have accurately observed only a tiny fraction, energy is not con- 
Served. While such a possibility cannot be excluded, it should be understood that a valid 
observation of non-conservation of energy would be more than a ripple on the pond of 
physics. Our fundamental ideas about space and time are intimately connected with our 
belief in energy conservation, and a change in this “law”? would cause an enormous reyo- 
lution in physics. (See Appendices 11, 12, and 13 at the back of this volume of the Guide.) 


QUIZ PROBLEMS 1. If the energy content of a slice of bread (100 Calories) is converted 


to heat and used to raise the temperature of 2 liters of water from an initial temperature 
of 10°C, what will be the final temperature of the water? 


1 Calorie will raise the temperature of 1 liter of water 1° C. Therefore 100 


Calories will raise the temperature of 2 liters of water, 50°C. The final 
temperature will be 60°C. 


2. A high school student consumes 2000 Calories of food in one day. If he needed no 
energy to sustain his body and could convert this entire amount to useful work, how high 
could he raise a 100-kg mass with this amount of energy? 


2000 Calories = 2 x 10° calories = 8.4 x 199 joules 


= 84 X 109 kg-m?/sec = 100 x 9.8 x h. 
h-8.6x 10° meters, 


3. How much energy is released whe 


n 100 grams of water cool from 90°C to 25°C? 
Express your answer in joules. 


90°C - 25°C = 65°C. 
100gm X 65°C x1 calorie/gm°C = 6.5 x 109 calories 


= 6.5 x 19? cal X 4.2 joules/cal 
= 2.73 * 104 joules. 
4. 2.1 * 10? Joules of work are done in he 


ating 500 grams of : — 
perature of the water ig 10°C, what is its foal Manet ee dear tem 


3 Iv 3 
2.1 X 10" joules = 43 X10" calories = 5 x 102 calories which will raise the 
temperature of 500 E of water 1°C. Te = 14°C: 


5. A 20-kg mass traveling at a Speed of 10 m/sec strikes a 
5-k; 
originally Stationary. The two masses stick together after the a Fc cit 


(a) What is the final Speed of the combination? 
(b) What was the initial kin 


(c) What is the final total energy of the System? 
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(d How many calories of heat were produced in the collision? 
a. p, = 20 kg X 10 m/sec = 200 kg-m/sec. 


P= 200 kg-m/sec = 25kg X vf, vf 8 m/sec. 
b. (Eg) -ixmx (10)? = 10° joules. 
T 


c. (E) "in 10° joules, by energy conservation. 
d. (Eg) = 425 x (8? = 800 joules. 
Ff 


Heat = (E), - Ex), = 200 joules = a = 48 calories. 


6. A hot water heater breaks. A man wishes to heat his bath water from 25°C to 35°C. 
The tub contains 30kg of water. How long will it take him to heat the tub if he uses a 
canoe paddle which he moves through the water at a rate of one meter per second while 
exerting an average force of 30 newtons? Assume all the work he does goes into heat- 


ing the water. 
Work = 30 nt X 1 m/sec X T (secs) = 30 T joules. 


Heat = (35°C - 25°C) 30 X 10° = 3 X 10° calories = 12.6 X 10° joules. 


12.6 X 10? joules = 30 T joules. < 
T-4.2X 104 seconds (about 12 hours). 


Chapter 26 — Heat, Molecular Motion, and Conservation of Energy 
For Home, Desk and Lab — Answers to Problems 


A number of the problems for this chapter deal qualitatively with energy transfor- 
mations in systems such as gasoline engines or machine guns. Discussion of some of 
these problems will be an effective way of getting students to understand the concept 
of heat as kinetic energy of molecular motion. Problems which are well suited to this 
purpose are numbers 1, 4, 10, 21 and 22. Problems 7 and 8, involving the behavior 
of an ideal gas, and Problems 16 and 19, concerned with the mechanical equivalent of 
heat, are interesting if you have enough time. Studénts will find Problem 5 easier if 
it is preceded by Problem 4. 


The following table classifies problems according to their estimated level of diffi- 
culty and the sections to which they relate. Those which are especially suited to class 
discussion and those which are home projects are indicated. Problems which are 
particularly recommended are marked with an asterisk (*). 


SHORT ANSWERS 


2 
1. (a) 20 newtons. (d) 4.8 X 10° m/sec. 
5 (e) The same. 
(b) 1.8 X 10 joules. 
(c) 10 joules, meter. 9. (a) See discussion on page 26-16. 
(b) 4) 450 joules. 
2. (a) Less (halved). (if) 2.28 joules. 
(b) Undefined. (iii) 447.75 joules. 
- 99.5%. 
3. (s) 6.15 x 10 "^ joules. (o) 99.5% 
(b) 20.6 joules. 10. See discussion on page 26-16. 
4. See discussion on page 26-12. 11. 0.38˙ C. 
5. (a) 25 joules. 12. A home project. 
(bp) 275' K. 13. A home project. 
6. Increases by 2%. 14. A home project. 
7. (a) Vg 7 3.06X 10? m. '18. A home project. 
3 
3.12 X 10° joules. 16. (a) 600 newtons. 
M 4 (b) See discussion on page 26-19. 
(c) 1A 10 joules. (c) See discussion on page 26-19. 
© ; 17. (a) 820 m/sec. 
8. (a) 4.8X 10? m/sec. (b) None. 


b) 1.9X 19? a (c) See discussion on page 26-20. 
) 1. sec. 
(c) Nearly the same. 18. 2.95 gm. 
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19. (a) 2x 10° joules, 22. See discussion on page 26-23. 
(b) 8x 106 joules. 23. See discussion on page 26-24. 
(c) 4x 106 calories. 24. See discussion on page 26-25. 
(d) See discussion on page 26-21. 25. (a) -70m/sec. 
js 5 
20. n sa S (b) 9x10 Joules; 
(c) Lower than 35* C. 2.7 & 10° joules; 
(d) See discussion on page 26-29. 0.37 X 107 joules, 
21. (a) Chemical potential energy. (c) See discussion on page 26-27. 
(b) See discussion on page 26-22. 26. A home project. 


(c) See discussion on page 26-23. 
27. A home project. 


COMMENTS AND SOLUTION 


PROBLEM 1 A machine gun fires a stream of 10-gram bullets 
i at the rate of 400 rounds per minute, The bullets, 
moving at velocity 300 m/sec, hit a wall of solid 
rock and stop dead. Calculate: 
(a) the force on the m 8 
(b) the kinetic energy o the bul ts arriving at 
the wall in one minute, 
(o) the kinetic energy of the bullets in 1 meter 
length of the stream as they approach the wall. 
Compare twice this answer with your answer to (a). 


The rate of change of momentum of the s.ceam of bullets in one Second (400 bullets/min = 
6.67 bullets/second) is 


The average force is given directly by this rate of change in momentum: 
F=22 = 20kg-m/sec? = 20 newtons. 
b) The kinetic energy of each bullet is 
111 — 
amv 7 10 2 x (300)? joules = 450 joules, 
In one minute 400 bullets hit the wall. Their tota] kinetic energy is 


400 X 450 joules = 1.8 x 199 joules, 


€) The bullets are fired With a speed of 300 m/sec or 18,000 meters/minute. But, 
» therefore the average number of bullets in a 


400 bullets/min 2t 
18,000 meter nin 15 bullet / meter. 


Since each bullet has a Kinetic energy of 480 Joules, 


the avera ineti e 
meter length is ge kinetic energy in on 


Twice this is 20 joules/meter = 20 newtons (since 1 newton-meter = 1 joule). 
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Note. This last observation illustrates the relationship given on p. 427 of the text. 


' W N 
P=mv v. 
Multiplying both sides of this equation by A gives 


BETON 
PA = F= mv vy W. TA ime?) 


where L is the length of path in which N particles are to be found. 


PROBLEM 2 Suppose there is a tiny sticky area on the wall of 
a container of gas. Molecules hitting this area 
stick there tl 


The two hypothetical situations presented in this problem stimulate thinking of gases 
in terms of motion of molecules. 


a) Ifthe piece of wall under consideration were just like the rest of the wall, the 
force it would exert on the stream of molecules approaching it would be sufficient to re- 
verse their component of momentum perpendicular to the wall. If it is sti 80 that 
molecules that strike it stay on its surface, the change in momentum molecules 
18 halved, and the force (and consequently the pressure) on the sticky piece of wall will 
be halved. 

b) The phrase, ‘‘pressure on the hole” has very little meaning. When we speak of 
the pressure on a piece of a wall we refer to the force on that piece, divided by the area 
of the piece. There is obviously no force exerted where there is no wall to push on. 
Therefore there is no pressure in the sense that we have it. 


(Note: The pressure on the walls of a container depends on the mass and average ve- 
locity of the gas molecules, and these quantities are the same throughout the volume of 
the gas. It is useful to extend our definition of pressure 80 a8 to include the concept of 
the pressure of the gas, a property possessed by a gas throughout its volume. We now 
imagine a pressure-measuring device to be a small, evacuated box with a movable piece 
of wall connected to a spring balance. This box is placed at any point in the volume of 
the gas, and the force on the piston ‘is indicated. This instrument would measure a 


pressure in the gas at the hole. 


PROBLEM 3 In a certain gas f of the energy of the molecules 
i ad p mati prp e 
other L 
(a) On average, what is the kinetic 
of the center of mass motion of one such 
when the temperature is 300°K? 
(b) If the temperature is raised 1°C, what 


8) The temperature measures only the average kinetic energy of the center of mass of 


the molecules. Numerically, 
Ex 20.57 x 10729 yr = 6.15 X 1077) joules. 


b) We are told that this is only 3/5 of the actual kinetic energy. The other 2/5 exists 
in the form of rotational kinetic energy. When we raise the temperature of the gas by 
1°K, the kinetic energy of the center of mass and the energy of motion about the center 
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of mass will increase together. For the center of mass, Ex = 3/2kT, and for a 1° 
temperature rise, AE. - 2x. The total kinetic energy of one molecule will therefore be 


increased by 


5.3,.5 
3 R k. 


To produce a 1*K temperature rise in the 0.6025 * 10% molecules in a mole of gas, the 
required increase of energy will be: 


24.5 m 
0.6025 X 10 X3k joules = 20.6 joules. 


PROBLEM 4 A gas in a cylinder pushes a piston out, increasing 
its volume by AV. The gas exerts a pressure P 
on the face of the piston, which has an area A, 
The force exerted by the gas moves the piston a 
distance Ax, transferring energy FAx to some 
outside machinery. Show that the work FAx is 
equal to PAV, 

Note: This is a very useful expression for work 
whenever we deal with a gas or a liquid pushing a 
piston: work equals the pressure times the change 
in volume, 


The force F on the piston is PA where A is the area of the piston. When the piston 
moves outward through a distance Ax, the work done is FAx (the force times the distance 
through which the force moves). Now Fax = PAAx, and from the geometry of the piston, 
AAx is the volume swept out by the end of the piston; it is the increase in volume of the 
gas. Thus, : 

W= Fax PAV. 


[Note: Where did the energy come from? This depends on what else bappened to the gas 
while the piston moved. If the cylinder was completely insulated from other sources of 
heat (1.e., energy) then the energy must have come from the gas itself, i.e., from the 
kinetic energy of the individual molecules. What was the exact mechanism of the ener 


mentum relative to the piston is reversed, but their kinetic energy of motion in the cylin- 
dex is x duce on the average. {It is analogous to bouncing a rubber ball off the back of 
1f the truck is not moving, a ball thrown at it with a speed of § m/sec will 

à off with the same Speed. However, if the truck is receding at 1 m/sec, then the 
ball, traveling with a speed of 5 m/sec, approaches the truck at only 4 m/sec. This 
&peed is thon reversed. The ball recedes from the truck at 4 m/sec, therefore having 

& final speed of only 3 m/sec relative to the ground. Measured from the ground, the. 
ball's kinetic energy has decreased considerably as a result of the collision.) 


PROBLEM 5 One mole of an ideal monatomic (in practi 
helium or argon) is placed in a N 
perature 273°K. The gas is at atmospheric pres- 
Sure, 1.02 X 10° newtons / ma. At this pressure 
and temperature the gas occupies 2.24 x 10-* m3, 

A piston in the cylinder is then Pushed in to 
decrease the volume by 2.45 x 10-* m3, 

(a) How much mechanical work must be done 
to push the piston in? (Neglect the change in 
pressure.) 

(b) What is the final temperature of the gas if 
the container is completely insulated? (Remem- 
ber 12.4 joules of energy raise its temperature one 
degree.) 
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3) The amount of work done in pushing the piston in a small distan 

e is PAV where 
AV is the decrease in volume. (The argument is the same ai P 
that the work must be done by some external agency.) dec ub UNCLE 


5 E 
PAV = 1.02 X 10" X 2.45 X 10 4 (nt/ m) ms) = 25.0 joules. 


b) If the container is completely isolated, then all of the work done on the 

> ( as in com- 
pressing it (25.0 joules) must be transformed into kinetic energy of the gas ee 
The molecules are in fact single atoms, with no kinetic energy of rotation so the energy 
required for a 1°K temperature rise of one mole of the gas is 12.4 joules. Our 25 joules 


will raise its temperature by E K, i.e., a fraction over 2°K. The final temperature 
will be 273° + 2° = 275°K. 


PROBLEM 6 In Problem 5, by what fraction of its original value 
does the pressure change? 


In Problem 5, we found that the temperature must have changed by 2°K. The 
equation of state for an ideal gas is PV = NkT. Since N is the same in the initial and 
final states, we can write: : 


B, PS 
T, T2 
Pao. Mtoe Ta 
51 Ye 71 
‘Substituting from Problem 5: 
Po 2.24 x 107 „2482 
— . eee 


P4 2.24 * 102 - 2.45 X 10 


. — (ltza) * 1.02. 
2.45 „ 10°" 273 
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2.24 
Hence the pressure increases by about 2% of its original value. 


PROBLEM 7 Suppose we take 18 grams of water (one mole) at 
boiling point and turn it into vapor in a cylinder. 
The cylinder is closed by a frictionless piston, 
which is so light that the gas remains at atmos- 
heric ure at all times. 

(a) What volume will the water vapor occupy if 
it behaves as an ideal gas? (Water vapor is not 
an ideal gas, but the error due to the assumption 
will be less than 10 percent.) 

(b) What work must be done in pushing the 

iston out against atmospheric pressure as the 
whole of the water vaporizes? 

(©) Given that each gram of water takes 540 
calories to tear its molecules apart into vapor, how 
much heat is needed to convert the water to vapor 

and push the piston out? 

(d) What fraction of the total heat needed is 
converted to work in pushing the piston out? 


i.e., that it satisfies the 


water vapor behaves like an ideal gas, 
and under standard 


a) We assume that 
kT. 18 grams of water is equal to 1 mole, 


equation of state PV=N ^ 
conditions would occupy 2.24 X 10 m 
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e Oa 
TIU. 
T 
RETE -2 _ 373 
Vo = T. -2.24X10 ^x 273 


V, = 3.06 x 107 m3, 


b) The work done in pushing the piston out through a small volume AV was shown in 
Problem 4 to be PAV. Here P is constant throughout the expansion, so the total work 
done is just P x (total change in volume). Since the initial volume is approximately 


18 em? (there are 18 gm of water and its density is 1 gm/cm?) or 1.8 & 10 5 ms, we 


can neglect the initial volume in comparison with the final volume. Thus the total 
work done is: 


PAV = 1.02 x 105 x 3.06 x 102 = 3.12 x 19? joules. 


c) Each gram of water requires 540 calories or 540 X 4.2 = 2.27 X 10° joules to be- 
come vapor. The total energy needed to vaporize 18 gm of water 18 


18 X 2.27 x 10° joules = 4.1 x 104 joules. 
The total energy required, including the work done when the vapor expands, is thus 


(4.1 x 105) + (3.1 x 105) = 44 x 104 joules. 


d) The fraction of the total heat input which is transformed to work is: 


The rest of the energy is ole 8 to tear the molecules of water apart, i.e., to over- 
come the very Strong attraction between water molecules in the liquid state. 


PROBLEM 8 (a) Estimate the speed of oxygen molecules at 


32 grams of oxygen at room temperature (20°C) 
at one atmosphere pressure, 1.02 X 10° new. 
tons/m?, occupy 2.4 x IO -m 

(b) The same volume of hydrogen at the same 
temperature and pressure weighs only 2 grams, 


(c) From your answer to (a), estimate the 
average velocity of nitrogen molecules at room 
temperature, within 10 percent, 


In this problem we have 32 grams, or one mole, of o en; fi adro’ s | 
number. The above equation can be rearranged to give: E Nt Ave 


26-15 


cR) 
m 


We are given that P = 1 atmosphere = 1.02 X 10° 19 7 05 and V = 2.4 X 1072 n^ The 
other quantities in the expression can be obtained when we realize that Nm, the number 
of molecules in a mole of the gas multiplied by the mass of each molecule, is just the 


mass of a mole of the gas. This is given as 32 gm = 3.2 X 10? kg. The average veloc- 


ity is then given by: 
5 22N 1/2 
K 
«(a 1.02 X 10? x 2.4 x 10 ) un 


32x10? 
- (23 x 10° ) 1/2 m/sec 
4.8 10? m/sec. 


b) For one mole of hydrogen under the same conditions, we could go through the same 
procedure. However, it is a little simpler to use a slightly different argument: At the 
same temperature, the average kinetic energy of translation of hydrogen is the same as 
that of oxygen: 


Therefore, 


B) JS 2 
vg/*o 7 Y o/ Pg = Ls 
E E 3 
vg” 4Vo = i. 9x10' m/sec. 


c) The mass of a mole of nitrogen is 28 gm. Using the argument of part (b), 


M: 1/2 
Y. (32/28) ^^ = 1.07. Thus to within-ten percent they are the same. 
O 


d) Air is composed predominantly of oxygen and nitrogen (in the ratio 20%: 8079. 
Since the velocities of their molecules are the same to within 10%, the average velocity 
for air molecules is, to this approximation, the same as that obtained in part (a). 


i.e., Y 4.8 X 10? m/sec. 


av 


e) In part (a) we found the speed of oxygen molecules at room temperature and one 
atmosphere of pressure. The kinetic energy of the air molecules depends only on "my 
80 the average velocit will be the same even though the pressure is doubled, provided 
T is the same (in this case it is). In the expression used in part(a), P is doubled, so 
that (because of the equation of state) V is halved, and PV stays constant. 


PROBLEM 9 A large bag of sand is hung from a tree by a long 
rope. A boy shoots à bullet into the sand bag 
and the bullet stays in the bag. 
(a) Describe the energy N y 
Su} a 10- et is moving at 
3». V sec vito it it the bag, and the bag is a 
1990-gram bag of sand. Calculate the amount of 
kinetic energy: 
() the bullet had originally. 
(i) the bullet and bag have after collision. 
! (iii) that disappears. 
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(c) What fraction of the original kinetic energy 
of the bullet goes into heat? 


8) The complications of what happens to the energy in the gun, etc. are discussed 
in Problem 10. The main parts of the energy chain are: 


(i) Kinetic energy of the bullet; this is changed to 


(iia) heat of the bullet and the sand surrounding it after it comes to rest, and 
(lib) kinetic energy of the bag plus bullet. The bag swings, and we get the cyclic 
process of kinetic energy becoming gravitational potential energy, and vice versa. 
Very slowly, because of air friction, this will cease, and the energy will become 


(iii) heat energy of the bag, its contents, and the surrounding air. 
b) (i) Originally the kinetic energy of the bullet is: 


1 21 2 
= == x = . 
2 m 2 * 0.010 X (300) = 450 joules 


(ii) During the collision of the bullet with the bag, momentum is conserved. (So 
is energy, as long as we include heat energy, but mechanical energy of bulk motion is 
not.) If, after the collision, bullet and bag move with velocity v’, then 


mv = (m+ M)v'. 


, 


„ .— 0.010 x 300 


m-M 1.9904 0010 0.010 = 1.50 m/sec. 
The kinetic energy of the bag plus bullet is 


1 
2 (m+ 10 v? =$ X 2.000 x 1.502 = 2,25 joules. 


(iii) Before the collision, the bullet had a kinetic energy of translation of 450 joules. 
the collision, only 2.25 joules remain in the form of kinetic energy of bulk motion. 


c) If we assume that all of the ‘lost’? ene oes into heat, we get for the fractional 
part of the initia] energy that goes into ere K £ Š 


447.75 _ 
"450 ^ 99.59. 


PROBLEM 10 A machine gun fires lead bullets at a wall and th 
Stop dead. Describe the changes of energy from 
the stage when it is in the explosive to the Stage 


The stages in the “chain”? of energy transformations are: 
(i) Chemical energy of the gunpowder. 


(ii) Kinetic energy of thermal motion of the gases generated in the chemical process. 


(ii) Kinetic energy of bulk motion of the bullet, plus that of the recoil of the gun. 
(iv) Heat and sound in the air due to the 
the pane wars the vet; Passage of the bullet, and i Sound when 


(v) Heat, and 


af the wis potential energy of deformation of the spent bullet, and of the region 


(vi) Heating of the air in the vicinity as the bullet and wall cool. 
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We neglect bulk potential energy, assuming that the bullet’s 
B path is short, and fairl 
flat. In that case, and assuming that the bullet falls only a few feet after hitting the wall, 


it is negligible. 


The transformation (i) + (ii) involves the rearrangement of eleme 

nts in the owder 
to form more tightly-bound molecules. The potential energy of the whole e re- 
duced, and the liberated energy appears as thermal motion of these molecules. 


In the step (ii) (iii) the expanding hot gases do work jj PdV on the bullet to give it kinetic 
energy. Not all of their thermal energy is transmitted, however. When the bullet leaves 
the end of the barrel, the gases rush out, and mingle with the surrounding air, heating it 


up as they cool. 


The energy transformations of step (iv) reduce the kinetic energy of the bullet as it 
travels. The bullet traveling through the air generates a shock wave, a very intense pres- 
sure pulse. Such a wave passing through the air leaves it at a slightly higher temperature, 


The transformation (iv)-(v) is the most sudden. The bullet may be brought to rest in 
a centimeter, whereas it was accelerated over a distance of almost a meter. The bullet 
is then markedly deformed, and heat is produced by the violent relative motion of the 


lead atoms. 


All of this energy originated in the chemical process of explosion. You might ask 
the class to consider where it really came from. You can generate a discussion of arbi- 
trary length on the problems of extracting the elements of gunpowder from the places 
where they are found. How did they come to be there? Everything can be traced to the 
sun’s energy, which is far enough back for us to go. Problems 12, 17, and 18 give more 


quantitative practice with the problems of energy transformations, and the mechanical 
equivalent of heat. : 


PROBLEM 11 In one of his most famous experiments, Joule 
churned water with a paddle wheel driven by two 
loads, each of mass 14 kg, each falling vertically 
about 2 meters. He had about 7 kg of water to be 
heated. After each churning he hauled his loads 
up and let them fall again. What temperature 
rise would you expect him to find after twenty 
falis? 
Note: this is a reversal of the logic of Joule's 
great experiment. You know that 4.2 joules will 
always raise the temperature of a gram of water 
1*C; Joule was trying to find this out. 


two loads is 2mgh = 2 X14 X 9.8X 2 = 


In each fall, the loss of potential energy of the 
so the total loss in potential energy is 


550 joules. The process is repeated twenty times, 
20 X 550 = 1.1 X 104 joules. Assume that this is all transformed into thermal energy of 
the water. The amount of energy required to raise the temperature of 7 kg of water by 1° 
is 7% 10° x 4.2 = 2.9 X 10^ joules. 


Hence 1.1 X 10* joules supplied by the falling loads 
1.1 X10 x 1° = 0,38°C. 


2.9 X 10 
(Where did the energy come from? It came from the unfortunate laboratory attendant 


who had to keep lifting the loads after each fall.) 


will raise the temperature by 
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PROBLEM 12 A project: (a) Make or obtain a smal spring of i , 
Steel wire, Stretch it and let it Bo many times, 
Hold it to your cheek to feel whether it grows 
warmer, 
(b) Make a similar spring of soft Copper wire 
and repeat the trial. 
Note: If you overstretch the spring, just push 
it back into close coiling. 


No appreciable heating of the steel spring will be detected, but the Copper spring“ will 
become noticeably warmer after ten or twenty rapid flexings. To avoid buckling the copper 
Spring, you can wind it around a smooth glass rod, and then flex the Spring, keeping it on 


only on the amount it is stretched. All of the work done on the spring in Stretching it re- 
appears as work done by it on you when it is allowed to contract, There is no net work 


PROBLEM 13 A project: Swing a hammer fast and give several 


Ten or so sharp blows with the hammer 
(of order 10%. The explanation is similar in principle to that Blven in Problem 12. The 


In making a rough estimate of the kinetic energy lost b 

y the hammer, it 18 easier 

to AE ae force éxerted on the hammer (if you let it fall, thé force Will be its 

Weight), thus the work done, and finally its kinetic energy at the end of the swing, rather 


than estimating the Velocity of the hammer directly, and computing im? The energy 


input, when obtained in this wa: Should a; 
inherent in the measured temperature SIS CUM goin mo EO be nisi 


PROBLEM 14 A project: (a) Obtain an electric ege beater and 


In each case, estimate the heat delivered by the 
egg beater per minute, 
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Experiments on the mechanical equivalent of heat are very difficult to do accurately. 
The expected rise in temperature due to the work done on the water is very small, and 
may easily be masked by the other ways in which heat can be exchanged with the surround- 
ings. With this particular experimental arrangement, and with water at room temperature 
(to avoid ordinary heating or cooling due to contact with the air), it is difficult to avoid a 
drop in temperature. This is due probably to the increased evaporation caused by the 
agitation of the water. If the container is reasonably well sealed off from circulating alr, 


this effect will be minimized. 


PROBLEM 15 A project: Estimate the energy delivered in 5 
minutes by a small electric light of known wattage. 
(a) Do this experimentally by running the 
lamp in ink (why inkT). (You can use an auto- 
mobile headlight bulb connected to à 6-volt bat- 
tery. Do not use a bulb of higher voltage, 
because of danger of shock!) 


(b) Do this by calculation from other knowl- 
edge: note that one kilowatt hour, which is 
likely to cost you 3 or 4 cents, is worth 3.6 x 105 i 
joules. 

a) The lamp is immersed in ink so that most of the radiation will be absorbed rather 
than transmitted (as it would be with water). 

b) With the above arrangement, the calculated rige in temperature agrees with the 
measured one to better than a factor of two. For a i5-watt lamp, the total energy Bup- 
plied in 5 minutes is . 015 kilowatts X 5/60 hours = 1,25 X 19? kilowatt hours. Each 
kilowatt hour is 3.8 X 10° joules, so the energy expended would be 1.25 X 1073 x 3.6 x 10% 


4500 joules. If we use about 100 om? of ink, the temperature rise Should bo about 


' 4500 — % 
19x42 C i 
PROBLEM 16 ` A high-speed swimmer uses 120,000 joules of 


in a half-minute race. Three quarters of 
the energy is released as waste heat; the rest ig 
dissipated by his hands and legs, by mechanical 


work. 
(a) In 30 seconds he swims $0 meters. Esti- 


mate the average force opposing his motion. 

(b) Describe the changes of form of energy in 
the swimming. f 

(c) Where and in what form is the energy that 
has been released when he has finished the race? 


ing the swimmer’s motion through the water is F newtons, 


inst this force he does work equal to Fx = 60 F joules. 
1.0., 30,000 joules, goes into useful 


ging his motion is: 


a) If the average force oppos. 
then in swimming 50 meters aga: 
He uses 120,000 joules, of which only a quarter, 
mechanical work. Hence the average force oppo 

F = 30,000 joules/50 m = 600 newtons. 
b) Chemical energy of food is turned into mechanical energy by the muscles. The 
swimmer’s kinetic and potential energies remain constant, of course, since his velocity 
is roughly constant, and he swims on the surface of the water; but his heat energy in- 
creases. Hence all of the work he does ends up as heat. Some energy first becomes 
kinetic energy of turbulent motion of the water through which he passes, and as this 


grádually dies down, the water is left at a slightly higher temperature. 


c) This has already been answered in (b): the energy expended finishes up as heat; 
the water in the pool is slightly warmer. With a pool of usual dimensions (25 mX 15 m 
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9 m) containing about 109 kg of water, the temperature rise due to the addition of 120,000 


joules would be 
At = — 120,000 _ 23x10 
4.2 X 10" x 10 


PROBLEM 17 (a) With what velocity must a 2-kg block of ice 
at 0°C Be thrown against a stone wall so that the 


8) The energy required to melt m kg of ice is 3.36 x 109 m joules. This energy is 
Supplied by the kinetic energy of the ice, so 


i mv? = 3,36 x 109 m joules. 


Hence, v = /2 x 3,36 x 10° = 820 m/sec. 


b) This solution is independent of the mass because the mass enters into the kinetic 
energy and the heat of fusion in exactly the same way. 


c) When jet planes achieve speeds Buch as we have obtained above, the surface of the 
plane becomes red hot, due to Íriction with the air. If our block of ice travels very far 
ll have 


PROBLEM 18 One mole of helium at 24°C is placed in contact 
with water at 26°C insulated from the Test of the 
World. The final temperature of both is measured 
to be 25°C, How much water was there? 


mperature one degree Hence the helium must have absorbed 12 4 joules of ener 
from the water, The water cooled one degree. Since 4.2 joules are given up in lowering 
the temperature of 1 of water one degree, the amount of water which will yield 
12.4 joules when cooled one degree is 
12.4 
a = 2.95 gm. 
The mass of water was about 3/4 the mass of helium. (One mole of helium is 4 gms.) 
PROBLEM 19 A mountain climber can climb about 1500 fe 
or $00 meters vertical rise per Bur Kin 
(a) How much does suon a climber gain 
as gravitational energy in a five-hour 


7 bonn ins 
. ica] man body is an inefficient chemical- 
At best its muscles deliver 
only 25 percent of the chemical used as 
ul mechanical energy, other 5 percent 


E i 
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(d) If the climber walks down the mountain 
every afternoon, he loses the l energy he 
nd Why doe det M TNR IR 
is diet? 
a) In five hours, the increase in height of the climber is 5 X 500 m = 2.5 X 107m. If 
his mass is, say 80 kg, his increase in gravitational potential energy is 


mgh = 80 X 9.8 X 2.5 X 10? joules = 2 X 10° joules. 


b) The above energy is only a quarter of that expended by the climber. The chemical 
energy used is therefore 


4 x 2 x 109 - 8 x 10° joules. 


c) In calories, this chemical energy is 


6 
x 
SIM 22X 109 small calories. 


This is about the same as his normal daily calorie requirement, 80 on his mountain climb- 
ing days, he would need approximately 4 X 10° calories. x 


d) The only way that the human engine accepts energy is in chemical form. It is not 
possible to increase its energy content by doing work on it (as you can on à 
toy by winding it up). It is just not that kind of machine. When you get up in the morn- 
ing, and feel that you need energy to go through the day’s tasks, you can’t connect your- 
self to an electric outlet (as you would if you stored energy like an electric cell). You 
can’t connect yourself to some mechanical device with moving parts in order to obtain 
energy from the work done on you by the machine. Instead, you have breakfast. Food 
contains chemical energy, which your body, by complicated processes, chn turn into work. 


The difference and similarities between the Human engine and other kinds of engines 
can be brought out: even when “‘idling’’, the body must be rigidly temperature-controlled, 
blood must be pumped, etc. An electronic computer uses almost as much energy when idle 
blood does when solving long problems, and a human being has somo of the same Shan us 
istics. When ‘‘working’’, energy must be expended in all mov ments, and even when not 
doing work“ in the mechanical sense, the body expends energy internally. (Try holding 
your arm outstretched, unsupported, for a few minutes!) 


Discussion of this topic can be overextended to the point where it is not too fruitful. 
As soon as the major points are made, it will be wise to move on. 


PROBLEM 20 Suppose you have two large boxes of negligible 
mass, Box A contains one mole of hot helium 


at 60°C, the other box, B, contains one mole of 
cool a (also a noble gas) at 10°C. 

(a) TI two boxes are placed side by side in 
contact with all their outer surfaces insulated. 
After some time, both are at the same 
temperature. What is the temperature and wh 

(b) Instead of being placed side by side, 
two boxes are joined together to make one large 
box, without ge of volume, so that the 
mix. What will be the final temperature the 
mixture? 

(c) Now suppose that box B contains one mole 
of cold nitrogen at 10°C instead of the argon. 
The hot helium and cold nitrogen are allowed to 
mix as in (b) above. Will the final temperature 
be the same as in (b) or or lower? 

(d) Give a clear reason for your answer to (c). 
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8) Both helium and argon are monatomic gases; therefore each of them requires 
12.4 joules of energy to increase the temperature of one mole by one degree. Thus 
the one will cool by as many degrees as the other is heated. Since they have the same 
final temperature, this temperature must be just halfway between their initial tem- 
perature, i.e., 35°C. 


— 


b) In equilibrium, the double box will contain a mixture of the two gases (they are 
noble“ gases, and do not combine chemically with anything), all at a uniform tempera- 
ture. This means that all of the molecules (helium and argon) have the same transla- 


liberated in cooling the helium to 35° C. Thus when the helium temperature reaches 35°C, 
the nitrogen temperature will be less than that, and the final equilibrium temperature 
will be lower than 35°C. 


d) The reason has already been given in part (c). The actual final temperature, T, 
can be obtained by writing the equation for the heat exchange. The energy supplied by the 
cooling helium ig 12.4 (60° - T) joules. For the nitrogen, the increase in energy is 
20.5 (T - 10°). Since the energy lost by the helium must be the same as that gained by 


12.4 (60° - T) = 20.5 (T - 10°) 
7 = 2.4 x 60) + (20.5 x 10) _ , 
20.54 12,4 a ae es 
PROBLEM 21 A new small airplane is to be tested. To main- 


tain Secrecy, the test is conducted in a large, 
closed hangar whose walls are completely insu. 


(a) In what form was the energy ‘that the air- 
plane uses in flying Supplied to it Originally? 
4 2 Discuss the changes of energy during the 


(©) Where is the e and in what form, h. 
antag tom hr 


as follows: 
(à ^ Chemical energy of the gagoline- air mixture. 
(ii) Thermal energy of the hot, high-pressure gas produced when this mixture burns. 


(iii) Mechanical energy of the pistons, which eventua'ly (with a little frictional 
of thi 


loss) becomes mechanical energy e rotating pro ller and kinet 
of turbulence in the “slipstream”, & prope and kinetic energy 
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(iv) The next stage involves the mechanism of flight, which is complicated. The 
essential point is that in order to progress at a constant ipeni tbrough still 
air, an airplane must do work at a constant rate. This work becomes kinetic 
energy of bulk motion of the air the airplane had passes through. 


(v) The turbulent motion of the air gradually dies down as the relatively ordered 
motion of eddies changes into completely random thermal energy vf the air 
molecules, due to air viscosity. 


(vi) There is also the exhaust heat from the engine, an unavoidable consequence of 
trying to change heat energy into mechanical energy. 


c) Half an hour after the flight, all of the bulk kinetic energy has been changed to thermal 
energy of the air in the hangar. The end result is that the air temperature has been in- 


creased slightly. 


Let us make a rough calculation of the rise in temperature. The energy supplied when 
1kg of gasoline burns is approximately 4 X 107 joules. The total energy supplied 18 there- 
fore 4 X 10° joules. Suppose that the hangar is 100 m long, 100 m wide and 50 m high. Its 
volume is thus 5 X 1053. Since 1 mole of air at roughly room temperature and at atmos- 
pheric pressure occupies 2 X 10 ?m?, there are 


of air in the hangar. The molecules 
so 20.5 joules are needed to raise the tempe 


5 
S10. * 2 * 107 moles 
2x10 


temperature of all of the air in the hangar is; 


PROBLEM 22 


a) The total momentum of 


A rocket is equipped with insulated containers 
full of very hot gas instead of combustible fuel. 
The hot gas ing out of a nozzle drives the 
rocket forward. 


(a) Where does the momentum that the rocket 
ires come from? 
"o Where does the rocket's kinetic energy 
come from? 

(c) If the gas is ejected into à box standing on 
the ground as the rocket starts out, and the tem- 
perature of the gas collected in the box is meas- 
ured after the rocket has left, do you expect that 
temperature to be higher, lower, or the same as 
the popon temperature of the store of gas in the 


served. A rocket acquires a forward momentum by ejecting 


tion. This is true for any type of rocket. In the present gas 
chamber contains many molecules traveling with high momentum in all directions, but 


the nozzle allows only those traveling in 


momentum of an individual molecule inside the rocket is not 


ual exchange of momentum between molec 


of oxygen and nitrogen that constitute air are diatomic, 
rature of one mole by one degree. The rise in 


the whole system of rocket, fuel and expelled gas is con- 


mass in the backward direc- 
-filled rocket, the ‘‘fuel’’ 


the backward direction to leave the rocket. The 


constant (there is a contin- 


ules and between molecules and the rocket it- 


self) so that although initially only certain molecules will be traveling in just the right 
direction to escape through the nozzle, other molecules will 


correct momentum. This explains why there is 


It also explains how, from an initial state in which the rocke 


very quickly also acquire the 


a steady stream of gas from the nozzle. 


t is at rest and the momenta 
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of the molecules are distributed randomly, it is possible to get to the final state in which 


the rocket is traveling with a high Speed in the forward direction, and the gas molecules 
are traveling, on the average, in the opposite direction. 


b) There has been no change in the total energy of the system. (We assume that the 


C) The kinetic energy gained by the rocket comes from the gas. In releasing this 
energy, the gas cools. 


To understand from the microscopic point of view how this happens, consider bil- 
liard balls bombarding a light, movable wall from both sides. Let five balls be incident 
toward the left, and six toward the right. Let all balls have exactly the same Bpeed, and 
let them all strike at exactly the same instant. After the collision, the wall will recoil 
toward the right. Because of this, the group of five balls will rebound with slightly in- 


brings about the inequality in the numbers of collisions. The rocket accelerates forward, 
therefore the molecules moving backward in the cylinder have, on the average, less 
energy. Itis a sample of these that comes out of the hole. 


PROBLEM 23 Imagine you have a light bulb in a perfectly re- 
flecting box which is otherwise empty — a perfect 
vacuum. 


(a) By running the light bulb do you produce 
() kinetic energy of bulk motion? 


(i) potential ener, of the bulk matter of 
the box? yd 


(ii) thermal energy of internal’ atomic 
motion? 
(iv) thermal energy in the form of inter- 
molecular potential energy? 
(V) internal energy in some form? 
(vi) no additional ener, in the box? 
(b) By running a light bulb, do you produce 
(i) momentum of bulk motion? 


(ii) momentum of thermal motion of atoms? 
(vi) no momentum in the box? 


Be prepared to discuss your answer in class, 


transformation, in the solar System as a wh 


8) The system under consideration consists of the heated filament and whatever else 
is present in the evacuated space enclosed by the perfectly reflecting walls. Suppose that 
the system is Initially àt absolute Zero; it contains no energy of any form. Then the current 
in the filament is Switched on, Electrical ener 1s fed into the filament. Some of it is 


by the filament. It is allt 
energy density must be steadily increasing. W. M rs tie red 
problem. 


(i) There is Ro kinetic energy of bulk motion, 
(ii) There is RO potential energy of bulk matter. 
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(iii) The only thermal energy of internal atomic motion is in the bulb itself. 


(iv) and (v) There is no place where intermolecular potential 
kind of internal energy can be stored. j e e 


(vi) There is additional energy in the box; it is in the form of radiation. 


b) The filament and its enclosure make up an isolated system, whose mom 

constant. If it is zero initially, it must always be zero. The radiation is Vente ordi 
flected from each of the walls of the enclosure. Thus parts of it are moving in all directions 
(like the molecules in a gas) and the tota] momentum averages to zero. Since the momen- 
tum of the whole system is also zero, the box and filament must have zero momentum. 


Thus 
(i) There is no momentum of bulk motion. 


(iii) The only momentum of thermal motion of atoms is in the filament, and it adds 
up to zero. 

(vi) The radiation in the box is a form of energy, and has momentum associated with 
it, but the net momentum is zero. 


PROBLEM 24 (a) A cylinder containing helium gas is closed 
with a movable piston which has negligible fric- 
tion. A man pushes on the piston and drives it 
in quickly, compressing the helium. The helium 
heats up. Why does the helium heat up? Discuss 
the mechanism of the heating up in terms of 
molecular behavior. 

(b) A cylinder with a movable piston contains 
compressed helium. The piston is released and 
the helium pushes it out and cools. Explain in 
terms of molecular behavior how the helium cools. 

(c) A large box with a good vacuum in it con- 
tains a small bottle of compressed helium. A 
trigger is arranged to remove the stopper of the 
helium bottle. When the helium is let out of the 
bottle no change of temperature is observed after 
the release is all over. Explain, from the point of 
view of molecular behavior, why the helium does 
not change temperature when it expands into the 


big box. 

(d) Although compressed helium shows no final 
change of temperature, some other gases show a 
noticeable cooling after they have expanded into 
vacuum from high compression. What does that 
tell you about these other compressed gases? 


was done in pushing the piston into the cylinder against the pressure of 
amount of energy must appear somewhere else. The only place it can 
gy of the gas, i.e., as a rise in temperature. 


8) Since work 
the gas, the same 
appear is as in an increase in thermal ener 

In greater detail, when the piston is at rest, the gas atoms continually collide with it 
and bounce off with the same kinetic energy as they had before they hit. (The component 
of momentum perpendicular to tbe piston is reversed, and the other components are un- 
changed.) When the piston is moving into the gas, the atoms hit a surface moving towards 
them. They recoil with increased kinetic energy (as does a baseball from a moving bat). 
That is, on the average, we are increasing the kinetic energy of the molecules, i.e., the 
temperature rises. 


b) The argument is similar to that of part (8). 
with a piston which is retreating from them. Since 
is reversed on impact, their momentum relative to the container is decreased. Thus, 
the thermal energy of the gas molecules decreases. On the other hand, work is done by 
the gas on the mechanism connected to the piston. It can be shown that the decrease in 
thermal energy is exactly the same as the work done by the expanding gas. 


Essentially, the atoms are colliding 
their momentum relative to the piston 
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c) This process is called (free expansion". The very important difference between 
anne changes in volume produced by movement of the piston is that now the atoms never 


very strongly when very cloge together, there is a weak attraction between the molecules 
when they are relatively far apart. For rarified gases, the ‘‘ideal’’ relationship is a 
good approximation. For denser gases, when the gas expands, the average distance be- 


PROBLEM 25 A rocket of mass 2 X 10° kg has been fired in an 
attempt to “escape” from earth. However, 
when it is several thousand kilometers from the 
earth, its speed is only 30 m/sec, so it is evident 
that the rocket will fall back into the a 
The control center on the surface therefore sends 
a radio impulse which fires off a small explosive 
charge (several kilograms) in the rocket. It 
explodes into two parts — one of them, with 
mass 0.5 X lO kg, continues forward at 
330 m/sec, 

(a) Calculate the velocity of the other fra 

(b) Calculate the kinetic energy of the original 
rocket, and of each piece after the separation. 

(c) Why is there more kinetic enerpy after- 
wards than before? 


In the problem statement of the first printing of the first edition of the text there is 
a minor misprint which does not affect the meaning of the problem: the first word in 
the eighth line should be charge, not change. 


a) This is an isolated system, so momentum ig conserved. We are given that one of 
the fragments continues on in the same direction as that of the original hs Therefore 
the momentum of the other fragment also lies on this 1 


Bg 7 B Bz 


Since all the momentum vectors lie on the same straight line, we may write the above 
vector equation as a simple algebraic equation, simply omitting the — signs: 


Pg Py * Pp 
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The mass of the fragment whose velocity is unknown must be 1.5 X 10° kg, the diffe: 
ence between the rocket’s mass and the mass of the first fr à ing 1 45 
momentum equation, pg c rper Pur. 

proe V a 


= (2 x 10? x 30) - (0.5 x 10? 


= -1.05 X 109 kg-m/sec. 


X 330) kg-m/sec 


_ 71.05 x 10? 
1.5X 10° 
The second fragment goes backward with velocity of 70 m/sec. 
b) The kinetic energy of the rocket is: 
imag. -i * 2 * 10? x 30? 9 105 joules. 
For each of the fragments, the kinetic energy is: 


my = 1 (9.5 x 10° x 330?) = 2.7 X 10" joules. 


Thus = -70 m/sec. 


V2 


2 
im = 3 (1.5% 10° x 49 x 102) = 0.37 x 10" joules, 


Ta 3.1 & 107 joules. 


Li 
Gg) us = (27+ 930 10 
c) The kinetic energy of bulk motion after the explosion is much greater then before. 
That there is an increase in kinetic energy should be expected — that is the only way to 
separate the two fragments. The increase in kinetic energy came from the detonation of 
the explosive charge, which transformed chemical energy partly into this bulk kinetic 
energy of translation, and partly into heating the rocket fragments. 


PROBLEM 26 A project: Experiment with the radiation from 
a glowing electric heating element. Place a sheet 
of asbestos tile (or a piece of damp cardboard 
will serve temporarily) between the heater and 

ou. Make a emal! hele about 1 in. in diameter 
to let radiation through to you. Hold the back 
of your hand near the hole and feel the effect of 
radiation on your skin. Then try the following 


(a) Place a sheet of cardboard between the hole 
and your hand, and remove it quickly. 

(b) Place a sheet of window glass between the 
hole and your hand and remove it quickly. 

(c) Cover your hand with aluminum leaf (most 
easily done by clenching your fist, licking the 
back of your hand to make it wet with saliva, and 
placing a sheet of very thin aluminum leaf gently 
onit) Try the metal-coated skin near the hole. 

(d) Keep the aluminum leaf on your hand but 
paint a little black paint or India ink on top of it. 
Again try that near the hole. 


a) When the cardboard is removed,the sensation of heat will be noticed immediately. 
The removal of the cardboard serves as a switch to turn on” the radiant heat. Some 
sort of ‘‘switch” is desirable because, as a detector of temperature changes, the skin 

is far from a calibrated measuring device. It becomes accustomed'' to the surrounding 
temperature, and while sensitive to sharp changes in temperature, is far less sensitive 


APPENDIX 1 
Kinematics and Dynamics of Circular Motion. 
(Bupplement to Teacher's Guide for Chapter 21, Sections 5, 6, and 7) 
‘The main Guide for these sections suggested that there are three distinct levels of 


achievement to be attained in the understanding of the dynamios of cireular motion. 
Briefly, these can be categorized: 


L When an acceleration occurs in the direction perpendicular to the velocity, the 
speed remains constant. 


n. Derivation of centripetal acceleration for an object in uniform circular motion. 

m. Application of Newton's law to uniform circular motion, 

The plan of the text is that the student should digest the kinematios of ciroular motion 
1n Chapter 6 of Part 1. With this well assimilated, the development of the dynamics 
can be treated as a verifiable prediction of Newton's Law. 


This plan of attack has been proved in practice and it will be worth your while ta 
to follow it. One common problem, however, tion and M WE bo vori T wee daerly 
understood the kinematics of circular motion in Chapter 6, the associated facta and 


some detailed suggestions are given below for a review of the veotor ideas involved in 
stages I and II, the kinematics of circular motion. 


I. An Acceleration Eorp 


— i o us a equenoe of simplo numeroa! examples 
— Err Rough oom- 
putations will the purpose. 


forming a resultant vector, tp whioh will differ both in mag- 


An exact treatment ia not af 


The angle between f, and f, which we can call @, la given by 


(300) : 


3 
A table of these 9 values and the accumulated rotation is given below: 
84 92 95 0 4 8 5 96 97 96 96 
23° 21° 19° 18° 


45° 35° 30° 27° 25° 
Total Rotation 45°  80* 110» 137° 162° 185° 206° 225° 243° 
10 *u 912 l 16 16 617 
175 . 15* 15° 14° 14° 14° 13 
Total Rotation 260° 276° 291° 306° 320° 334° 348° 361° 
You need give the class only a few values; then cite the result that in 17 steps the 
velocity vector rotated 360° but it 8rew from 10 m/sec to more than 40 m/ Sec,i.e., /T800. 


2. Now reduce At from one Second to 0.1 Seconds. Then: Ay = 1, and vi 7 101, 


2 2 1 1 1 
Vo = 102) vita 103, etc. Tan 91 ==, 9 = 5.7°; tan 9 - . 0 Aat, 
2 8 107-91 100 200 72 14.1’ “100 


Using about 5° 48 an average Per step would give EM 7 12 Steps to Eo 360*. Yoo 2172 


3. As a fina] Case, use At = 0.01 Seconds. Then for the same a = 10 m/sec”, Av = 0.1, 


tan e = SY. 9 9), 
1 


This gives 9 = 0.57 degrees, ecall that for su h small angl = adians, 
and 1 radian = 57.3 degrees. ) This nt dos! angles, tan 9 = 9 in radian 


ar 
number of Steps for a 360° rotation would then be about 630, e magnit f the velocit 
Vector after these 680 steps would be Yaso 10:9 m age. The magnitude of the elocity 


mations to the truly perpendicular acceleration Case, it is im 
; portant for students to realize 
that an acceleration Perpendicular to the motion tends to rotate the velocity vector, but 


Chapter 6, Sections 5-7. You may have used thé exercises suggested in Appendix 1 to 
Parti when you first covered vectors while doing Chapter 6. You may wish to use or 
repeat some of that work here. 


Six distinct steps are outlined in the development which follows. Each step should 
be discussed with illustrations at the board or in home exercises. These six steps 
involve finding the answers to the following questions. It is desirable to answer all of 
these graphically. 


1. What is the difference between two vectors? Ona vector diagram, how can you 
most easily manipulate the vectors to get the solution to a subtraction problem? 


2. How can an average velocity be obtained from a consideration of radius vectors 
corresponding to the positions of an object at two different times? 
a 


3. What is the instantaneous velocity for circular motion? (Derive v = 

4. What is the average acceleration for different intervals in circular motion? Give 
its direction and its magnitude as intervals get smaller. 

5. What is the direction of the instantaneous acceleration? 

6. What is the acceleration? (Derive a= X) 


Students will learn best if they are led to the answers to these questions through their 
own graphical work. There is no substitute for the insight gained by manipulating a pen- 


cil, ruler, and protractor (or compass). 

1. The Difference Between Two Vectors. 

The problem is to construct Aĵ = 97 - E Some students are not sure which vector 
to subtract from which; they have a tendency to take the smaller vector from the large 
vector. 


There are two ways of remembering how to nnd Ax: 

(a) To find A¥ = 92 - MU rewrite this as AY = 92 Y Form the vector -f and 
add it to Fy 

(b) To find AY = Y, - MU ask what A¥ must be added to Y, to get Y,. 


(Note: The gecond technique shown below as Solution (b) is more convenient In analyzing 


circular motion.) 
Here are some samples that you can distribute on ditto or mimeograph. 


v 


Example 1.1 2 


S 
0: 10 205. e, m eee eee 
velocity scale 
horizontal direction 


find its magnitude in meters/sec, and give the 


Problem: Find Y, - A graphically; 
kwise from the horizontal directed 


direction in terms of an angle clockwise or countercloc 
to the right. 


4 B 
Solution (a): 


* 
^ 
vt 
magnitude of F- $9: 37 m/sec : t 5 
direction: 8° counterclockwise 


from the horizontal, 


Solution (b); 
Example 1.2 
9 10 20 30 m/sec A T 


velocity scale 


horizontal] 


Find the same things as in 1. 1 (Here since 92 18 shorter than VT Students may be 
tempted to Subtract the Wrong way.) 


Solution (a): 


Solution (b): 


Example 1. 3 Same as 1.1 or 1.2 except two vectors of the same length. 


o 10 20 30 m/sec 


Solution (a) 


velocity scale 


magnitude of 

72 98 - 22 m/sec 
direction: 51° clockwise 
from the horizontal to 
right. 


2. Finding an Average velocity. 

The location of an object may be designated by a vector, 
trary fixed point in space to the position of the object. If the object is moving, its posi- 
tion at time t, might be indicated by the vector R, and its position at a later time tọ, by 

that time interval 


the vector &,. Then by definition, the average vector velocity during 
will be: K, - &, 


R, drawn from some arbi- 


p^ 


ircular motion the magnitude of the Y "E will be less than 


(Note, for instance, that for c 
interval. This is not of the essence. The definition is still 


the speed at any instant of the 
a useful one.) 
3. Finding the Instantaneous Veloc 
Consider the motion of the tip of a rotating pointer. 
at t, it pointe down, we will have: 


ity for Uniform Circular Motion. 
If, at t4, the hand points up, and 


| Ri | Ry and Ri - R. 
5 tz 
Thus J. E = zl which has a m: nie R. 4% meters/min, where 
„ ux eu NATO , 


T' is the time required for one complete revolution. 


the average velocity vector 
st quarter revolution (time 


if, instead of examining over the half revolution a8 above, 
interval T/4), we get: 


we now examine only the fir 


AD 


— 
ue) 


A and R, - RI = * 


TEE DW - 
" & E ANO ^ 


R, -Â a ee 
Thus Lo = x - E which now has a cies i 4 GEAR -4y2R/T meters/min, 
a larger value than obtained before. 

If we now shorten the interval until R, and R, are separated by a very small angle, A9, 


then in the limit of very small A@’s, the vector AR- Š, - Š will have a magnitude RAO. 


Then RA A 27 2m7R 
magnitud = BAO _ RAO _ n2. 27R 
Way) pen At At d Pee) aie 


The significance of this equation is simply that the tip of the pointer, traveling in a 
circular path, truly covers a distance 27R (one revolution) in a time, T, the period of 
one revolution. 


4. Finding an Average Acceleration. 


The problem here is completely analogous to the one discussed above. The new idea 
is related to the use of velocity vectors rather than position vectors. Average acceleration 


is defined as: E 
833 ^ 
av tz = t 


Consider the tip of the pointer that we have used above. When the tip is in the “up” 
position, for clockwise motion, the velocity vector points toward the right. Thus for the 


four radius vectors shown at the left, below, we have four corres ndi locit to: 
drawn at the right. i ] * 


ü ^ 
1 "4 


d 
< 

w 
< 

m 


tion has been added to Vj: But the direction of Av is the directi 


80 when the pointer ig is position * Up, the acceleration of th 


object in uniform circular motion is subject to a constant radi 


inward toward the center of the circle of rotation. i 
ibn vituli ig This is called a centripetal (seeking 


6. The Magnitude of the Instantaneous Acceleration. 


Arguments entirely analogous to those used in above now lead to the conc. 
that the magnitude of the instantaneous Prices iw 85 5 


27v 


T 


This is because the tip of the velocity vector travels a distance 27v in velocity space in 


the time interval of one revolution, T. 


Using v = "EB, we can also get 


2 
27, 2 „ R (24 
ana’ TT (&) u. 


2R 


v 


1 
= x—= 
a= 20y T 


or, conversely, since T = „ 


Ini 
2 


yy 
amv * R K 


III. Newton's Law Applied to Circular Motion. 

The rather detailed derivation of centripetal acceleration presented above makes it 
clear that this 1s purely & kinematicalfact. The argument has been carefully developed 
without leaning on the fact that ‘the centripetal force required to maintain circular motion 
must result in a centripetal acceleration. 

Newton's Law therefore predicts that a force must be exerted in order to maintain an 


object in uniform circular motion. This 


force should have a magnitude F = ma = mv2/R. 


It must be directed in the direction of the acceleration, radially inward. The fact that 
such & predicted force is actually required to produce uniform cireular motion can be 
verified experimentally in the laboratory. 

Review the logic of the text’s development in Section 21-5. Using the example given 
at the end of that section, ask the students what forces would have been expected ( 


of 1.2 newtons) 
if R had been 0.66 meters 


if T had been 6.8 secs 
if T had been 1.7 secs 
if m had been 2.06 kg 


(answer: 2.4 nt) 
(answer: 0.3 nt) 
(answer: 4.8 nt) 
(answer: 2.4 nt). 
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APPENDIX 2 
Stepwise Solution for the Motion Where F = -kx, 


A completely general approach to solving for the motion when the force is -kx is 
to calculate the motion numerically in many Steps. For each step, & is treated as a 


constant. If the 


Let us consider F = -kx, where k= 1nt/meter. Let m= 5kg. 


Choose an initial displacement of 10 meters 


and an initial ve 
find the motion, 
function of time. 


(a) Choos: 
Initially, at 


locity of zero. Now try to 


e 
by determining x as a 


E 


the time interval of the Btep. 
X7 10m, F= 10 nt. Since m = 5kg, a= F/m = 2 m/sec”, 


or di 7 -1 meter, Using d = Fat”, -1 =F (21, and t is found to be 1 second. We shall 
ane perform the calculation ag though the acceleration remained constant for 1 second 


(b) Detailed calculations. 
ee calculations 


The detailed 


For example in interval #1, a = -2 m/sec”, Ys 0, At - 1 sec. Therefore v 


The average vel 


ay vet 


calculations are straightforward, but a bit tedious. 


11 
ocity is -1 m/sec, go the displacement in the first interval, d is 


m/sec) (1 sec) = -1 meter. The approximate position after 1 second is 


7 1 4 10 1 m. This implies P7 Sat or -F. een, whioh is not so 
different from the original value of -2m/sec?. 


‘(a Tabulation of Results. 
~ Interval 
No. 1 2 3 4 5 6 7 
x at start(m) 10 9 "b. 14.7 128. lax -12.1 
aatstart(m/sec)-2 -1.8 CHE E n e. 42.4 
Vatstart (m/sec) 0 -2 -3.8 -5.0 -5.3 -4.6 -2.7 
v at end -2 -3.8 -5.0 -5.3 -4.6 -2.7 -0.3 
V average -1 -2.9 -4.4 -5.2 -5.0 -3.6 -1.5 
d(m) -1 2.9 -4.4 -5.2 -5.0 -3.6 -1.5 
X at end 9 6.1 1.7 -3.5 -8.5 12.1 -13.6 
a at end -1.8 «1.2 3.34 70.7 11.9 72.4 72.7 


Interval 
No. 8 9 10 11 12 13 14 
A 13.6 12.6 -9.1  -33 43.7 +10.7 416.3 
a at start %% 445. 41.8: %% % 42  -83 
v at start -0.3 72.4 449 46.7 +74 467 +4.6 
: y at end $2.4 449 46.7 474 +6.7 46 13 
v average 41.0 43.5 75.8 +7.0 47.0 75.8 73.0 
d 410 43.5 558 4710 +7.0 +56 30 
" x at end -12.8 -91 23.3 +3.7 +10.7 4163 +19.3 
2 at end 42.5 418 40.7 -0.7  -21 -83 8.8 
(d) Graph of first approximation. 
16 x 
12 
t 8 
x 
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(e) Better Approximations. 
the motion because & is not readjusted 


This type of calculation tends to overshoot 
enougi. Taking smaller time intervals would give a better approximation, but it is not 


J worth the effort. 
For the actual motion, the object oscillates from x = +10 to x= -10. Its maximum 
Bec, whereas the approximate values for the coarse 


speed would be only about 4.5 m/ 
time intervals used above were 5.3 m/sec on the first half swing and 1.4 m/ seo on the 


second half swing. 
The exact solution of the problem requires 


a= dv/dt = d2x/dt” = F/m = -kx/m. 
x and its second derivative: 


the use of the calculus: 


Thus,we have a simple differential equation in 


10 


2 
Vx 4 
1 


Familiarity with solutions to differential equations enables us to propose the trial 
function x = a cos bt. Then 
dx/dt = ab sin bt, 


ddt = ab? cos bt = b. 

So we see that b = HH YB. 

To find a, we see thar x = a at t = 0; thus 2=10m. The solution is then 
x= 10 cos /1/5 tm. 
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APPENDIX 3 
Solution of Differential Equation for Simple Harmonic Motion. 


(For those teachers whose calculus is fresh and for whom a review of the differe 

ntial 
equation treatment will be helpful.) We can represent the conditions imposed by the 
restoring force by noting that 


eat 


2 
Then vM kx = 0. 00 


To solve this equation, we use for a trial solution: 
x= A cos (F. e) . 
Then, & f sin (F €) , and 


T 
gh (e) 


Substituting into equation (1), 
2 ; 8 
4n A cos GE „) = -kA cos (T o). 


-mtt 


Thus T2 = 4x m/k 3 

T = 27 m/ K. 
and phase factor ꝙ can only be determined if the initial 
le, if at time t O, x is at its maximum displace- 
0+ >) is a maximum for $ = 0], and A= 5 cm. 


The amplitude of motion A, 
conditions are specified. For examp 
ment of 5 cm, we could set ¢ = 0 [cos ( 


Then, 
x= 5 cos (VE: ) om. ; 


The mathematical treatment of the motion of a simple pendulum is somewhat more 
complicated, but is given below for completeness. 


A massless string of length L supports 
a point mass, m. It is deflected from the 
vertical by a small angle 0, as shown. The 
displacement of m from its equilibrium po- 
sition is D = Lo. 


Due to the weight of the bob, there is a 
force m£ acting downward on the mass. 
This force can be resolved into components 
mg cos 0 in the direction of the string and 
mg sin @ perpendicular to the string. The 
force along the string is merely a constraining force and does not enter the problem. The 


perpendicular force is the restoring force. 


D 
We can write F = -mg sin = ma = m— 2. 
dt 


do 
or m LZ + mg sin 9 = 0. 
dt 
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This equation does hot describe a simple harmonic motion if 0 is a large angle. 
However, if @ is very small, we may write sin 0 & o, and the equation becomes 


2 
Simplifying, V g9-0. (2) 


Equation (2) is identical with our previous equation (1), except for relabeling the 
variables, and has a similar solution. It should be apparent that a solution rote 


9 - 6, cos „( 2E with T = 2r VIJE. 
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APPENDIX 4 
General Relativity : 


According to the basic ideas of the dynamics of Galileo and Newton, the laws o 

are valid only in an *'inertial frame’’, that is, a system which is at rest or UE x E 
constant velocity. These two possible states are indistinguishable, because forces are 
detectedonly when a body is accelerated, Newtonian dynamics begins to break down for 
bodies moving with speeds near that of light, but Einstein's theory of special relativity 
has satisfactorily extended the basic notions of classical dynamics to the range of all 
possible speeds. 


The existence of gravity, however, complicates matters considerably. We know that 
the surface of the earth is not an inertial frame in the Newtonian sense. If we project a 
body upward, it does not continue to move up but reverses direction and falls back to the 
floor. We generally describe the situation by saying that we are in an inertial frame, but 
that there is a force - the force of gravity’’— also acting on the body. Indeed, it is im- 
possible to isolate any body from the gravitational forces exerted by the mass of the rest 
of the universe. Thus, the definition of an inertial frame in terms of a state of rest“ 
or „uniform motion” is only an approximation in a universe which contains mass, since 
all bodies in the universe interact with one another to a certain extent. 


Einstein, in his theory of general relativity, attempts to restate the laws of physics in 
a manner which takes into account the equivalence of gravitation and acceleration. This 
theory is, as is well known, of enormous mathematical complexity, and it is hardly to be 
recommended as an exercise for high school students. However, the basic concepts of 
the theory are simple enough to be illustrated by a few examples. 


Suppose we were drifting along in space in a rocket ship in the ‘‘weightless’’ condition 
which every student of modern “comics”? understands. In this state we could perform 
dynamical experiments on ourselves and the surrounding objects floating in our room 


and quickly decide that we were in a true inertial frame, since the laws of motion would 
m the floor, we would most certainly hit the ceil- 


be obeyed exactly. If we jumped up fro 
ing, no matter how gently we jumped. Now imagine, during the course of these experi- 
ments, that this “weightless” interlude suddenly comes to an end. We would find our- 


selves standing on the floor, feeling our own weight. All of the surrounding objects which 
a moment earlier had been floating around the room would suddenly fall to the floor. What 


could we conclude had happened? 

Without looking out the window of the rocket ship (this, incidentally, wouldn't really 
help), we could conclude that one of two things must have happened. Either our rocket ship 
had suddenly accelerated upward or we have just come to rest (with the floor down“) on 
the surface of some planet. In either event, it would be obvious that the laws of physics 
had suddenly changed and we were no longer in an ‘‘inertial frame". We would be hard 
put to devise an experiment to tell whether we had in fact been accelerated or had entered 
a gravitational field, since either occurence would have had the same effect on our obser- 
vations. This is precisely what is meant when we say that the ‘‘inertial mass” of a body 
and its ‘gravitational mass“ are inextricably interrelated. It is this ‘principle of equiva- 
lence“ which lies at the heart of general relativity — that is, that the effects of an accel- 


eration are in principle indistinguishable from the effects of a gravitational field. But 
jal frame? We had a perfectly good way of measuring this earlier, 


what about our inert 
simply by observing the validity of the laws of motion. Evidently, during this time inter- 
val, when our rocket ship was an inertial frame“, we must have been in uniform motion 


in the absence of a gravitational field (impossible in our universe), or in ‘‘free fall" ina 


gravitational field. Thus, the true inertial frame is not one which is in uniform motion in 
our space, but rather one which is in free fall. ; 
General relativity, then, is simply the description of nature as viewed by an observer 


in a true inertial frame — patiently doing experiments in a freely falling box. To this ob- 
server, the laws of dynamics would be exact within his box. but he would quickly conclude 
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that the space outside his box had some very peculiar properties. To illustrate, imagine 
that we are in free fall in such a box, moving at a fairly high speed through space. Through 
our window we observe another person moving along parallel to us at the same speed and 
also doing dynamical experiments. We could corapare results by flashing messages back 
and forth and agree that our results were identical and both of us were in inertial frames. 

If we then arrived in the vicinity of a large planet (in such a manner that we didn’t conclude 
the experiment by hitting the planet), both boxes would be deflected by the gravitational 


field, as shown below. . 


C planet E 


Our box, labeled B in the figure, would be deflected somewhat, and the other box, labeled 
C would be deflected rather more since it is closer to the planet. Since both we and the 
observer in C are in free fall, within the confines of our own boxes neither of us would feel 
or be able directly to measure any effects due to the acceleration. We are both still in 
inertial frames as far as our internal measurements can tell us. However, since we are 
now obviously drifting apart, we would have to conclude that the distance between us sudden- 
ly started to increase without either of us apparently having accelerated. Instead of de- 
scribing what has happened in terms of some force“ which we could not detect, we might 
AME describe the occurence in terms of a distortion in space and time which we could 
observe. 


This is the essence of the theory of general relativity. The gravitational field, accord- 
ing to this viewpoint, causes a ‘‘warping”’ of space and time in the vicinity of a mass. 
Gravity then enters not as a force“ but as a property of space and time. 


This whole procedure would be rather fruitless if it did not permit the extension of the 
laws of physics and the prediction of certain observable events. In fact, general relativity 
predicts certain facts which are not correctly explained either by Newtonian dynamics or 
special relativity. One of these involves the curvature of light in a gravitational field. In 
general relativity, the ‘‘shortest distance between two points” is not a straight line but is 
a *'geodesic"', the path which light would follow in traveling between the two points, bent 
by the gravitational field. According to special relativity, light has energy, and since mass 
and energy are equivalent, light will be deflected by a gravitational field. However, the 
amount of deflection is not given correctly by this simple argument because the force of 
gravity on a moving object depends on its speed. We can actually observe the bending of 
light which travels from distant stars and passes very close to the sun during a solar eclipse. 
The effect is very small, about two seconds of arc, but it is accurately measurable, and 
agrees precisely with the predictions of general relativity. 


The theory of general relativity is of considerable importance in physics, but is more 
the working tool of the cosmologist in his study of the universe. The cosmologist is con- 
cerned with such questions as Is the universe finite?” — that is, would a geodesic directed 
outward from the known universe go on forever; or traveling always out, return to its 
starting point? Much of the effort of modern astronomers is directed toward answering 
this question. At present, we do not know whether the space we know is finite or infinite, 
but it is certainly **warped'', in the relativistic sense. 
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APPENDIX 5 
(Supplement to Chapter 23, Section 5 — Derivation of Equation Relating m, 
mo, v and i for Rockets.) 


This relationship can be easily derived by using integral calculus. Consider a rocket 
of mass, m, and velocity, v. The rocket ejects a bit of mass in the backward direction. 
Let dm symbolize the small mass ejected, and let v 8 be the velocity of ejection of dm. 


The small mass will be ejected with momentum p = (dmv Then, since momentum must 
be conserved, the change in the rocket’s momentum will be -(dm)v,. The remainder of 
the rocket, mass m, must speed up by an amount, dv, and then we have the relationship; 


-(dm)v, = mdy 
or .dv. dm 
v m 
e 


Note that MA is the constant velocity (relative to the rocket) with which mass is ejected, 


m and v are variables. 
This equation can be integrated, giving (remember We is a constant): 
= =-{nm+ ei 
e 
where £n stands for the logarithm to the base e. 
An alternate form is: 
m= Cy e ue. 


To evaluate either constant, we must insert the initial values. When the rocket was 
fired, its mass was m= m, and its speed was v = 0. This gives either 01 in mo or 


92 * 
Thus, we get the equivalent forms of the final equation 
Ho 
v m 
e 
ox m=m e /e t 
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APPENDIX 6 
The Product of Two Vectors 


Work involves the product of a force and a displacement. These are both vector 
quantities, but work itself is a scalar. This particular kind of product of two vectors 
is called a scalar product, or ‘‘dot product’’, and is written: 

W-F-d 


The scalar product is the product of the magnitudes of two vectors times the cosine 
of the angle between them. This may also be expressed as the magnitude of one vector 
times the component of the second vector along the first. 


In Figure (a), we see that in general the component of F which is along the direction 
of d has the magnitude F cos 0, where 0 is the angle between F and D. Therefore, 
W=f d= (F cos od. Note also that we could group the factors differently writing: 


W = F (d cos 9). 


We see in Figure (b) that d cos 0 is simply the component of the displacement which 
lies along the direction of the force. Thus we can say, equally well 


Work - total displacement X component of force acting along direction of displacement, 
or 


Work = total force acting X component of displacement along direction of this force. 


/ 
(a) à 
Bs. 
/ SS b 
F cos a Sg (b) 
N 
d AA 
o F e" F 
Se 
d cos 0 


W = (F cos 0)d ect W = F (d cos 0) 
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APPENDIX 7 
Proof of the 90* Trajectory Angle in an Elastic Collision 


In an elastic collision between equal masses, one initially at rest, the fi j 
are at an angle of 90*, one with the other. ” „ 


If 5¹ is the momentum of the moving ball before the collision and 51 and 52 are the 
momenta after the collision, the conservation of momentum gives P, = By * 82 Thus in 


the most general case, the three vector momenta must form a triangle as shown in (a). 


(8) 2 (b) = 
D p. 5 ⸗ 
5 P^, 1 P, 
| = = 
P^ P^ 
The energy before the collision is 
2 
Lav rud 
2 1 e R 
and if kinetic energy is conserved during the collision, 
A 2 72 m 
: Py, Py Po 


But this just says: 


which is simply the Pythagorean theorem for the triangle shown at (a). The triangle 
must then be a right triangle as at (b) and the two balls go off at 90°. 


In Figures 23-9 and 23-10 the angle between Pi and pj is about 85.5? rather than 90°. 
This is due to the fact that the collision is not truly elastic. Momentum must be 
completely conserved in the collision, and the fact that AD, and ^P, are not on a 
straight line in Figure 23-10b (by about 1°) is an experimental error probably due to 
friction in the system (an external force). 

The angle between final trajectories should be less than 90° if energy is lost in the 
collision. This can be seen by considering the case in which the balls stick together. 

n In this case, the angle is 0° which is certainly less than 90°. 

When the collision is head-on, the incident ball stops dead and the struck ball goes 
straight ahead with the speed of the incident ball. In this case, the angle between Pi 
and Po is not defined. 
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APPENDIX 8 
The Relationship Between Potential Energy and Force 
When a mass moves under the action of a linear restoring force F = -kx, we know 
that its potential energy is U= iw, and since the change of kinetic energy is minus 


the change of potential energy and is measured by the work done transferring energy 
from one form to the other, we obtain 


* 3 
W = AE, 2K GK * ` 


Now let us suppose that somebody gave us this expression and we wanted to know if it 
was correct, just as somebody gave us an expression for the change of potential energy 
or kinetic energy in a gravitational interaction. The procedure we use to test whether 
our expression for the change of potential energy is correct is to put it into a form where 
it is a product of some expression times the small change in distance from x to x'. Since 
we are dealing with the work, this expression must be the force times the small change 
in distance and we can check whether the force is what it should be. For the example of 
the potential energy for a linear restoring force we therefore proceed as follows: 


We factor the above expression as, 
WKN - x)(x-* x), 


we recognize that the change in distance is Ax = x' x. Therefore 
W = kCAx (2x x+ x’) 


= * Ax, 


For a small change in distance Ax, the Ax inside the parentheses may be neglected com- 
pared to 2x, the distance, and the result is 


W= -kx Ax. 
This result agrees with our expectation, for it says that the force must be F = -kx. 


Suppose, on the other hand, we were given a wrong expression for the potential energy, 
one which really belongs to a different force. By going through the same procedure, we 
would then find the force to which it belongs. For example, suppose that someone asserted 
that the potential energy associated with a linear restoring force is really U= kx. From 
this we would conclude that the work, W, which changes the kinetic energy by a small 
amount when the mass goes from x to x’, is 


W= AE = k(x - x’) = -k Ax. 


We see immediately that the force corresponding to this 
potential energy is just a con- 
stant F=-k. We should have known that we would get the constant en tam our 


ro NES U = kx is of the same form as the potential energy in a constant gravitational 


In other words, any expression for a potential energy or for the work in moving from 
one place to another implies a definite pattern of force, and the potential energy Nene 

to that pattern of force and to no other. A possible method of finding the potential energy 
associated with any force pattern is to investigate all possible expressions that might be 


ieee 3 the potential energy and then pick out the one which reproduces the 


APPENDIX 9 
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Calculations for Escape Velocities and Binding Energies 
1. The escape velocity is derived in the text to be: 


ror: Y2GM/r. . 


Ve can then be evaluated by Vr in this expression, or the computation can be 
simplified by noting that Gur? is the gravitational force at the earth's surface. 


Therefore, 
GM/r = gr, and 
Vi AT 


= y 2x 9.8m/sec? * 6.4 * 109m 


-11.2X 10? m/sec. 


2. To compute the binding energy of the earth to the sun we need some of the pertinent 
constants of the solar system (text, pages 350 and 359): 


G = 6.670 x 19 


nt m?/kg^ 
M = 2.0 x 10 kg 
m= 6.0 X 1074 kg 
R=1.5X 10 m 
lyr.-3.2X 107 sec 


v = 27R/lyear = 3.0 X 104 m/sec 


(Gravitational Constant) 
(Mass of sun) 

(Mass of earth) 

(Radius of earth’s orbit) 
(Number of seconds in a year) 


(Speed of earth in orbit). 


Then, the kinetic energy of earth relative to the sun is 


2 24 4 2 
v^. 6.0 X10 kg (3.9 X10 m/sec)” _ 9 7 x 1033 


The potential energy of earth relative to the sun is 


Mm i. 
R 


1.5 * 19! m 
Thus, the binding energy of earth to the sun is 
e72.6X 19?? joules. 


$ 24 
_ 6.67 x 10 1 nt-m?/kg? x 2.0 x 10 kg x 6.0 X10" * kg. 5.38108 


joules. 


3. In computing your binding energy to the earth, we shall first neglect your motion due 


to the rotation of the earth. Then, 
v=0, 
: 6 
r-6.4X10 m, 
m - your mass, say, 50 to 90 kg 


g= 9.8 m/sec^, 
Since 


E - mg- YOUR weight, 


a 
then GMm 
r 


e- 


(radius of earth) 


(acceleration due to gravity). 


= mgr — 3.110 5.6 X 10° joules which covers the range given in 


3 joules. 
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the text for the binding energy of you to the earth — the exact value depending on whether 
you are a mere slip of a girl or a great hulk of a man. 


The effect of the earth's rotation on your binding energy can be evaluated as follows: 


6 
1.2 %% o RAO! Vr es 108 
EEK 2 my 2 80 (zn ) = 5 60 “24x60 60 6.5X10 joules. 


This is only a 1/10 percent correction to the binding energy calculated above. 


4. We can find a quantitative answer to the question raised in the first paragraph of 
Section 4 about the gravitational potential energy of a satellite. Let us consider a 1-ton 
satellite that has a 2 hour period of revolution around the earth, and assume a circular 
orbit (as has been done in the earth-sun example above). Eliminating v between 


2 
a = GMa, (Newtons law) 
and T= m, (period of rotation) 


(since the earth is now the center of motion, we let M stand for its mass, and m for the 
mass of the satellite) we have 


2 
1 our À (Kepler's third taw) 
AT 
For 
T = 2 * 60 X 60 sec, (period of satellite) 
M= 6.0 XxX 1074 kg, (mass of earth) 
G = 6.670 x 1072 nt-m?/kg”, 
6 
then r=8.1X10 m. (radius of orbit of satellite about 
Earth) 
Substituting this value of r into the equation for T we have, solving for v, 
2nr 3 
F 711x10 m/sec. (speed of satellite in its orbit) 
2 
Taking m = 9 X 10" kg for the mass of the satellite, its kinetic energy is 
my? 10 
2 2.3. * 10 joules, (kinetic energy of satellite in 
orbit relative to earth) 
-GMm. 10 
Gu 4.4 * 10 joules, (potential energy of satellite 
M in orbit relative to earth) 
Hence, E 2.1 * 10 joules. (binding energy of satellite in 
orbit) 


It would take this much energy to remove the satellite from the influence of the earth. 


Now let us find the energy required to put the satellite into thi 
first in an indirect way and then in a more direct way. Borm 


» 8 ies phage sa energy of the satellite to the earth, when it is at rest before 
unching, is foun e same way as the binding energy of t : is (again 
neglecting the very small initial kinetic energy) mede. T 
È .GMm 
ground Toarti 


= 5.6 X 101? joules. 


45 
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The difference between this binding energy and the binding energy in orbit must be the 
total energy required to put the satellite into the orbit from the ground. 


Energy required = e =3.5X 1910 joules. 


ground orbit 


[It is Mm (za DUX z -1.2X 197° joules plus the kinetic energy that it must 
earth orbit 


have in this orbit in order to keep from falling to the earth. We have seen before that 
this kinetic energy is 2.3 X 1910 joules, and therefore the total energy required is 
(1.2 + 2.3) x 1010 joules, as above.] 
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APPENDIX 10 
Energy of Motion of Polyatomis Gas Molecules 2 


. The extension of the theory to polyatomic gases is reasonably simple. We note from 
the equation, 


3 12 2 
zkT -3mv, 


that a thermal energy, Zr, is associated with each of the three degress of freedom of 


motion of the center of mass of the molecule. If we consider the case of any molecule 
which is more complicated than a single atom, there are more degrees of freedom avail- 
able. For instance, a diatomic molecule is a dumbbell-shaped unit. Consider the two 
atoms to lie on the x axis. Their center of mass can move independently in the x, y and 
z directions. In addition to these motions, the dumbbell can rotate independently about 
both its center of mass and about axes parallel to the y and z directions. It could also 
spin about the x axis in the same way that a regular dumbbell can spin about its own axis. 
However the dynamics for this mode of rotation is clearly very different from the other 
two. For point atoms, no energy could reside in this spinning motion. There is one 
more independent mode of motion for a diatomic molecule. This involves vibration of 
the two atoms toward and away from each other. This motion, unlike the others, in- 
volves both potential and kinetic energy and this fact turns out to introduce (in effect) 

two degrees of freedom associated with vibration instead of only one. 


Classical physics tells us that the energy of such a system will, on the average, 
be equally distributed among all the degrees of freedom. Thus if 8 joules of heat energy 
are transferred to a monatomic gas, the energy will all go into the 3 translational degrees 
of freedom. 1f the same quantity of energy is transferred to a diatomic gas, the Law of 
Equipartition states that it will be equally divided among the seven degrees of freedom 
Specified above (neglecting spin). Thus only 3/7 of the energy goes into temperature- 
determining motions of translation. The specific heat of such a gas would be 3/7 that 
of the monatomic gas previously discussed. 


Actually, quantum mechanics changes this picture in that it specifies a minimum 
energy of excitation that can reside in any one of the degrees of freedom. In general, 
it is lowest in the translational degrees, higher in the rotational degrees, and highest 
in the vibrational degrees. The result is that at low temperatures, only the translational 


motions are excited. At higher temperatures, rotations may be excited. At still higher 
temperatures, vibrations will set in. 


At room temperature for most diatomic gases, molecular rotation has set in but 
vibration has not. Therefore there are only five effective degrees of freedom. and the 
specific heat will be 3/5 that of a monatomic gas. Thus, in general, specific heats 
are dependent both on the structures of the molecules and on the temperature. 


ooo o ERE 
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lated. Early speculations concerning the nature of heat rested on two rival hypotheses; 
first, that heat ig Somehow connected with motion (fire by friction, ete.), and second, 
that heat is a material substance, s 


In 1620 Francis Bacon stated in his Novum um that Heat itself. is motion 
and nothing else. Later in the seventeenth century both Robert Boyle and Robert Hooke 
expressed similar ideas, but the theory held little Weight with most Scientists of the 
following century mainly because no one was able to explain why, if heat were motion, it 
would be conserved in experiments where two bodies, initially at different temperatures, 
reach thermal equilibrium when placed in contact. 


In general, during the eighteenth century, a theory of heat came into use which assumed 
heat to be a subtle, elastic fluid present within any ‘‘hot’’ body. The particles of the 
“fluid” supposedly repelled each other, but were attracted to the particles of ordinary 
matter. This fluid heat came to be known as “caloric? „ and the concept of heat as a 
material substance was accordingly called **the caloric theory”, 


The foundation of the caloric theory was the notion that heat is conserved. Most of 
the observations and experiments of the calorists were performed under limited conditions 
which allowed the total quantity of heat to remain invariable, and which Suggested that 
heat is a conserved quantity. It was thus convenient to think of heat as a substance which 
could neither be created nor destroyed, but which could flow from one material to another. 


a body was compressed. Therefore, there must be some counter-balancing repulsive 
force, and this force was attributed to the caloric present between the particles. Because 
of the self-repulsion of the caloric substance, heat would flow from a hot material to a 


n tity of caloric which entered into its composition. When it contained large 
— G the substance would assume the form of a gas; solids and liquids 
would contain less caloric and thus occupy less volume. As a substance was cooled, it 
was thought to be drained of caloric; the removal of caloric (which supplied the repulsive 
force) explained the fact that most substances contract upon cooling. 


language has been 
Although the caloric theory of heat-is no longer used, some of its 

carried — into the modern description of heat. This is particularly convenient when 
one discusses heat ‘‘flow’’ and transfer“ of heat. We still speak of an object ‘‘soaking á 
up heat". And, of course, our unit of heat, the calorie, was originally used as a measur 
of caloric substance. 


Count Rumford's (1753-1814) experiments, begui bie mer vere en (nd 55 — 5 
a 3 

the caloric theory at its very foundations. Rumford se en „ 
i body did not increase its mass. One might argue that if calo. > 
— the fundamental property of all matter: it us paro vau E ane 
of extremely careful experiments, he showed that the weight o: E d: ue 
its temperature. However, this offered no serious Pte — — aes EN miS 
merely answered that caloric was not ordinary matter, and the 


Subject to gravitational forces. 
r- 
Rumford then turned to experiments with the heat d dorus et —.— 
Vising the cannorboring operation at the Munich arsenal, he no ite chic te 
atures attained by a cannon while it was being bored. On the basis o 
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the attractive force that was supposed to exist between caloric and the molecules of the 
metal must have been diminished when the metal was broken into chips releasing caloric 
which appeared as heat. However, the heat released in these experiments seemed to be 
inexhaustible. From this Rumford concluded: It appears to me to be extremely difficult, 
if not quite impossible, to form any distinct idea of anything capable of being excited and 
communicated in the manner in which heat was excited and communicated in these experi- 
ments, except it be MOTION. ’’ 


The physical basis upon which the caloric theory was founded was the notion that heat 
is a conserved quantity. It was just at this point that critics of the theory attacked. They 
Showed that in friction experiments, such as Rumford's cannon, heat could be produced 
in seemingly endless quantity. 


Apparently Julius Robert Mayer, who lived from 1814 to 1878, was the first to realize 
the importance of an identification of heat as energy. Mayer had the idea that energy 


could not be destroyed and that one form of energy was in some sense equivalent to another. 
He pointed out: 


‘In numberless cases we see motion cease without having caused another 
motion or the lifting of a weight; but an energy once in existence cannot 
be annihilated, it can only change its form; and the question therefore 
arises, what other forms is energy....capable of assuming?” 


He argued that since work can be converted to heat, heat must be a form of energy. 


‘If potential energy and kinetic energy are equivalent to heat, heat 
must also naturally be equivalent to kinetic energy and potential energy. 


Here, Mayer made his most penetrating observation. If heat was simply a converted 
form of kinetic or potential energy, and if energy as a whole i8 conserved, then a given 
quantity of heat must be the result of a proportional amount of mechanical energy. Work 
done on an object must produce a proportional amount of heat in the object, if its kinetic 
and potential energy is unchanged. From experiments already done on gases, Mayer was 
able to derive a quantitative relation between mechanical work and heat, which is in fairly 
good agreement with the best values that have been obtained since. The definitive work of 
James Prescott Joule (1818-1898) came a bit later and spelled the end of the caloric theory. 
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APPENDIX 12 
Supplement on the Three Laws of Thermodynamics 


The text refers briefly to the first and second of the three laws of thermodynam 
ics. 
The first law derives from the kinetic theory and is concerned with the energy of the ticks 
cules which comprise any substance. This law is usually expressed in the form 


6Q=dU+ 8W, 


which states that the increment in heat which flows into a bod: , Q, is equal to the s 

the increase in the internal (thermal) energy of the body, dU, 48 1 of Wok d 
ôW, done by the body against an external force. If work 1s done on the body by an external 
force (e.g., by compressing a gas with a piston), then à W is negative. Similarly, $Q is 
negative for heat which flows out of the body. The first law is simply a formal statement 
of the conservation of energy, where we have explicitly defined heat as a form of energy. 


The first law tells us a great deal about the thermal behavior of matter. For example, 
it says that if we thermally isolate a system so that no heat can flow in or out, so that 5Q 
= 0, the work done on the system (e. g., by compressing a gas) will raise the thermal 
energy of the system, and conversely if the system does work (e. g., by expanding against 
a piston), its thermal energy will be reduced. We can see readily that it takes more heat 
to raise the thermal energy of a system at constant pressure (since the system can expand 
and do work) than of a system at constant volume (if the displacement is zero, 8 W is zero). 


The first law, however, does not tell us everything we know about heat. Consider 
the following situation. Suppose that we could cause.a large group of molecules to enter 
an evacuated box, with all molecules moving in the same direction and at the same speed. 
If we looked inside the box a day later (or even a second later, for that matter) we 
should expect to find that the occurrence of random collisions would have completely 
disorganized the molecular motions. The molecules would be traveling every which 
way with a Maxwellian distribution of speeds. At no later time would we expect to be 
able to look into the box and find that all the molecules were traveling in the same 
direction with the same speed. The expectation of a trend from order toward disorder 
is dictated by experience. That is the way systems tend to evolve. This direction of 
evolution is not dictated by the first law of thermodynamics. Energy could be conserved 
in a trend from disorder to order just as well as in a trend of the reverse direction. 


If we dip a hot piece of metal into a bucket of cold water, we expect the metal to be- 
come cooler and the water to become warmer. We would be surprised to find the metal 
getting still hotter, while the water froze. Yet the latter transformation would not 
violate energy conservation. 

The direction in which reactions like the above tend to go is defined by the second 
law of thermodynamics. The parameter that is introduced to serve as a measure of 
this trend is called entropy. 

The second law of thermodynamics may be stated in many forms. All with essentially 
the same meaning. One such statement Is, In thermal equilibrium, the entropy of a system 
is a maximum. In other words, there is a direction“ to nature, from order to disorder. 
If we start with a roomful of air but with one mole of gas in a bottle in one corner of the 
room (a highly ordered state) and remove the stopper from the bottle, the direction of 
nature" is such that we shall eventually have a random distribution of molecules through- 
out the entire room (a highly disordered state). But if we start with the disordered state, 
the mole of gas molecules randomly distributed throughout the room, there is not much 
chance that they will eventually all come together and go back into the bottle fróm which 


they came. 
Similarly, if we start with two separated bodies, one hot and one cold, and bring them 


into thermal contact with one another, the entropy of the combination will increase if 
heat flows from the hot body to the cold body so that they both reach the same final temper- 
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ature. If heat flowed from the cold body to the hot body, so that the cold one cooled and 
the hot one grew warmer, the entropy of the combination would decrease. According to 
the second law, the ‘‘direction of nature“ is such that we can exclude this second possi- 
bility for bodies of reasonable size. Indeed, we must do work to make heat flow from a 
cold body to a hot body (e.g., a refrigerator). 


The second law has far reaching consequences, and tells us much more than just that 
heat flows from hot bodies to cold bodies. It explains why we find noise“ in radio resis- 
tors, why all measurements are subject to random errors, and much more. 


The third law of thermodynamics is concerned with the absolute zero of temperature. 
In effect it tells us that we can bring the temperature of an object arbitrarily close to 
this absolute zero, but that we can never quite reach the limit. 
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APPENDIX 13 
Supplement on Machines 


Machines such as simple levers, pulleys, wedges, screws, and gears, or their 
almost infinite number of permutations and combinations, are frequently treated at some 
length in elementary physics courses. They are omitted from the PSSC course partly be- 
cause of space limits, and also because they are aside from the main ideas of physics. 
All machines can be simply understood on the basis of the laws of thermodynamics, We 
often ignore thermal effects, in which case the only constraint is that imposed by the first 
law. When we put a certain amount of work, F8; into a machine, we can expect to get, 


at most, the same amount of work out. If we let Fos o^ the product of the output force and 
displacement, be the work out, then for all such machines, Fs, >F oo The equality sign 


holds only for an‘‘ideal’” machine where there are no frictional losses. This machine 
equation” is simply a statement of the conservation of energy. The usual definition of the 
„mechanical advantage of the machine, F P, Fy while frequently a useful concept, is 


hardly a fundamental one. It is obvious that for an ideal machine, FF, = 8/85 and we 


may determine the mechanical advantage of any machine simply by noting the ratio of the 
distances through which the input and output forces act. 


Over the centuries, many men have sought to devise ‘perpetual motion“ machines, 
devices which will produce useful work while consuming less than an equivalent amount of 


energy. These have usually served only to transfer money from the pockets of gullible 


people to those of the inventor or promotor. Perpetual motion machines which operate by 


the expedient of violating the law of conservation of energy are generally referred to as 
perpetual motion machines of the first kind, since they are incompatible with the first 

law of thermodynamics. Some perpetual motion machines are more subtle. They work 
without violating energy conservation, usually by having heat flow the wrong way. These 
devices, which violate the second law, are called perpetual motion machines of the second 
kind. All perpetual motion machines, no matter how cunningly contrived or ingeniously 


built, have one main feature in common: They don’t work! 


Number 
III- 1 


III-2 


OE 


II- 

III-9 

II- 10 
III-11 
III 12 
II- 13 
I-14 


TEACHER'S GUIDE FOR EXPERIMENTS, PART III 


As in Part I, it is very important to schedule the experiments in conjunction with 
Specific sections of the text. 


Experiment 
A Variation on Galileo's Experiment 


Changes in Velocity with a Constant Force 


The Dependence of Acceleration on Force 


and Mass 


Inertial and Gravitational Mass 


Forces on a Ball in Flight 
Centripetal Force 
Law of Equal Areas 


Momentum Changes in an Explosion 
The Cart and the Brick 

A Collision in Two Dimensions 
Slow Collisions 

Changes in Potential Energy 

The Energy of a Simple Pendulum 


A Head-on Collision 


*** egsential 
** desirable 
* optional 


Best Time 
Before Section 20-2 
Before Section 20-3 
Before Section 20-3 
After Sections 20-5 and 
20-6 
After Section 21-4 f 
Before Section 21-5 


During middle of 
Chapter 22 


During Section 23-2 
During Section 23-4 
After Section 23-4 

During Section 24-5 


After Section 25-3 


After Section 25-3 
During Chapter 26 


Priority 


* 


xk 


** 


i| 


III-1 (1) 


II- 1. A VARIATION ON GALILEO'S EXPERIMENT 
This is a modification of Galileo's "idealized" e 
xperiment described in Section 20-2. 
It is best done before that section has been studied in the text, and after raising the 
question whether objects can keep moving without being pushed. To save time, this ex- 
periment may be done as a demonstration or omitted in favor of the more important 
experiments on Newton's law. 


Galileo reasoned that since a ball launched down a ramp tended to rise to the same 
height on an opposing ramp, a ball launched onto a horizontal surface should roll forever 
if there were no friction. The purpose of this experiment is to help the student reach 
the same conclusion. 


The arc that the pendulum traces as it moves from its release position to its lowest 
point is analogous to Galileo's launching ramp (Fig. 20-4). The arc it swings through 
from the lowest point after leaving the barrier corresponds to the plane of gradual slope. 
Raising the clamp is aialogous to diminishing the slope which the ball climbs in Galileo's 
experiment. It is best to use as long a pendulum as possible, but reasonably good results 
can be obtained with one about one meter long. 

Testing the pendulum first without a barrier (Fig. 1) shows that the distances to either 


side of the center point and the heights reached are approximately equal under these con- 
ditions. This is nct surprising. It takes more insight to predict what will happen when 


the barrier is used (Fig. 2). 


To improve the estimation of the bob's height of rise, a horizontal string can be put 
at the level of release. This will also help to duplicate the release level. 


A Dry Ice puck is a very useful device to demonstrate uniform motion in the absence of 
forces. The construction of the puck is shown in Fig. (a). Since the layer of gas between 
the puck and the table is very thin, it is necessary to have a table with a smooth surface 
of glass or metal. It is essential that the surface of the table, as well as the surface of the 
puck, be very clean and dry. Wipe the table and the puck with a dry cloth to remove the 
condensation accumulated during the demonstration. 


DRY-ICE PUCK 


standard fruit-juice can 


Dry Ice 


#11 one-hole stopper 
glued to disc 


tempered masonite or shuffleboard disc 


Figure (a) 


III-1 (2) 


AIR PUCK 


balloon 


small-hole 
rubber stopper 


=; Figure (b) 


If the table is level, the puck will slide the length of it at very low velocities without 
slowing down. If the table is not level, the puck will accelerate from rest. Experimenting 
with these pucks makes Galileo's law more real. 


If Dry Ice is not available, an air puck made as shown in Fig. (b) can be used. Its 
performance is inferior to that of the Dry Ice puck, but it is useful nevertheless. 


APPARATUS 


Cord 

Weight 

Ringstand with flask clamp 
Cork 

Crossbar and clamp 
Meter stick 

Dry Ice puck or air puc 
Dry Ice 
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II- 2. CHANGES IN VELOCITY WITH A CONSTANT FORCE 


This experiment and the following one (II-3, The De 

pendence of Acceleratioi F 
and Mass) are very important and should not be omitted. Since they lead the in 3 17 
discover Newton's law, they should be done before Section 20-3. 


As a result of this experiment the student will discover that, within his experimental 
error, a constant force acting on an object changes its velocity at a paene tate - that 
is, its acceleration is constant. The unit of force in this experiment is that produced by 
a rubber loop stretched a constant amount, and the velocity is expressed in meters per 
"tick." Notice that the units used are not important in discovering or expressing the 
fundamental law. 


We do not use gravity as a pulling force on the cart because it raises too many ques- 
tions that cannot be answered at this stage of the course. The student has no real way of 
knowing that gravity supplies a steady force to a moving object; and, in the next experi- 
ment, where masses must be measured, it is hard for him to see that the mass of the 
falling weight must be included as part of the total mass being accelerated. Furthermore, 
the rubber loop gives the student a feeling Mu what a constant force really is. 

The experiment is best done on a smooth, level table about 2 meters long. If the table 
is not level, this will show up when the tapes made by a coasting cart are examined. The 
distance covered between two successive ticks of the timer at the beginning and end of the 
tape can be compared by holding the two ends of the tape side by side. There is no need 
\here for accurate quantitative measurements. It is sufficient to see that a rapidly coasting 
cart moves at a reasonably constant velocity on a horizontal surface. 


The timing tape should pass smoothly through a timer fastened to the table with a 


A final word of warning: The rubber loops are ideal 
miscellaneous missiles about the lab! 


Answers to Questions 
ed. The reason 
The velocity of a coasting cart is more uniform at high than at low spe: 
lained as follows: a gentle depression in the middle of the table, only 
Nan nantes not detectable to the eye and scarcely 


1 mm below the surface and many centimeters long, 
detectable with a good spirit level, will change the velocity of a cart starting from rest 


by 14 cm/sec! (v = V 2gd = V xX 9.8 XR 10 > = 0.14 m/sec). If the cart has an initial 


velocity vo, 


for shooting paper clips and 


v % = 26d 


(v+ v9 & - YQ De 


A = ö Vit YS 


M vo >> 2gd 


then v & V 
p 8 


Yo 
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and the fraction change in velocity will be 


Ax qm 
Yom Xo 
which decreases rapidly as increases. 


Be sure, however, that the student does not analyze the end of the tapes representing 
the highest velocities, where he was probably unable to keep the applied force constant, 


Within experimental error, the data when plotted on the graph will show that a constant 
force produces a constant acceleration [Fig. (a)]. The deviations from a straight line 


result primarily from the difficulty of keeping the rubber loops stretched a constant 
amount. 


The force exerted by the rubber loops is not the only force acting on the cart. The 
drag of the timing tape and the friction between the wheels and the table exert forces 
opposite to the motion. These forces produce negligible velocity changes compared with 
those produced by the applied force, as we can conclude from the coasting run. 


The acceleration of the larger-mass is less than that of the smaller one with the same 
force acting on the cart. Quantitative measurements of the effect of mass on acceleration 
will be done in the next experiment. 


APPARATUS 


1 Dynamics cart 

1 Rubber loop 

4 Bricks 

1 Timer 
Paper tape 
Carbon-paper discs 

2-3 C clamps 

1 14 volt dry cell 

1 Sheet graph paper 
Meter stick 
Table stop 


Cellulose or masking tape 


v in cm per IO "ticks" 


t in IO "ticks" 


Figure (a) 
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III-3. THE DEPENDENCE OF ACCELERATION ON FORCE AND MASS 


The purpose of this experiment is to discover the relation between force, acceleration, 
and mass (Newton's law). It is most appropriately done before studying Section 20-3. 


The technique is the same as in the previous experiment, and the same precautions 
Should be followed. Extra care is needed in the first part, where large forces are 
exerted. (The meter stick should not be used for archery practice, since it easily covers 
the length of the classroom and curves erratically in its flight! Be sure students slow 
the cart gently at the end of the run to prevent damage to it, and to their toes from 
falling bricks.) If it is necessary to improvise rubber loops to replace the standard ones 
supplied, five No. 19 rubber bands chained together are approximately the equivalent of 
one loop of the supplied strand. 


In analyzing the motion, the student may assume, after doing Experiment III-2, that 
the acceleration is constant throughout each run; he need measure only the distance 


traveled in a given number of ticks to find the acceleration from a = M. 


Often it is impossible to resolve the dots on the tape at the beginning of the run 
[Fig. (a)]. 


Figure (a) 


in the fuzzy region. Starting 
ible, the student should estimate the number of ticks 1 
eei first resolvable dot will yleld an apparent distance d' and an apparent accelera 


Á a-a ded 
tion a' = ap instead of a = ry This causes a fractional error Ü M this 
error is above 5 per cent the acceleration may be found by determining first the velocities 


VÀ ou Y 
and v and times t, and t, and from these, a = -I To get an idea of the error 
fi ination of a, using different values 


v 
1 
in the latter method, it is best to repeat the determ: 


for t, and to: 
ts 
If alt work in groups, each student can analyze a different tape and the resul 


can be pooled for drawing the graph. 


This experiment is long, and probably 
work 1 the experiment is divided into 


periods. 


the analysis will have to be done as home- 
Ale parts and done in two consecutive laboratory 


3 
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Answers to Questions 


The plot of the acceleration as a function of force comes close to a straight line and 
shows that force and acceleration are proportional [Fig. (b)]. From the plot, we can say 
that the ratio of force to acceleration is constant in this part of the experiment. With no 
friction, the curve will pass through the origin. With friction, the graph will show a 
positive value of force at zero acceleration because the applied force is equal and opposite 
to the friction force, and the net force is zero. In this experiment, the friction is so 
small compared to the pull of the rubber loops that failure to maintain a constant pull 
may obscure the force of friction. As a result, the curve may cross the force axis 
slightly above or below the origin and cannot be depended upon to measure the force of 
friction [Fig. (b)]. 


force in loops 


0 l 2 3 4 5 6 7 8 
acceleration in m/"tick"* 
Figure (b) 


The plot of the ratio of force to acceleration as a function of the number of bricks 


comes close to a straight line. If only three points 
will not be convincing [Fig. (c)]. d c 


The intercept of this straight line with the "number of bricks" 
axis gives the mass of 
the cart in units of bricks. This is only approximately true, since the wheels of the cart 
are given rotational motion, and their rotational inertia may show up on the graph as 


10 T a mass of about 0.2 kg. The experimental data will not be accurate enough 


Notice that at this point we haye not yet discussed the relati 
on of inertial and gravi- 
10 150 mass. If you do not plan to assign Experiment III-4, you can use this experiment 
t roduce the discussion of inertial vs. gravitational mass by asking the students to 
compare the ratio of the gravitational masses of the cart and a brick with the ratio of 
their inertial masses found from the graph [Fig. (c)]. 
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am 


Qu 4 l 2 3 4 5 
number of bricks 


Figure (c) 


To find the inertial mass of a chunk of lead or a heavy stone, pull the unknown mass 
From the ratio of the force to acceleration, the mass 


The two experiments l elating force, mass, and 
The value of k depends upon the choice of units, The answer 


the force. (We use n 
the analyses and drawing the graphs.) 
r tick and the acceleration expressed in 


The timer may be calibrated in Seconds pe 
tick of the timer and 80 ticks were taken as the 


m/sec. If there are 0.02 seconds per 
time interval, then an acceleration of 0.4 meters per (80 ticks)? is equal to 


HR v ee 2 
a= Gx 0,08 ec? 045 ing 


The accelerating force in newtons would be this acceleration times the accelerated mass 
jn kilograms. 
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APPARATUS 


1 Dynamics cart 
1 Timer 
Paper tape 
1 Meter stick 
4 Rubber loops 
4 Bricks 
Graph paper 
C clamps 
1 12 volt dry cell 


— am 
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II-4. INERTIAL AND GRAVITATIONAL MASS 
This experiment gives quite accurate results and will help clarify the relation between 


inertial and 
and 30:8. gravitational mass. It is best done after the discussion of Sections 20-5 


The experiment shows that gravitational and inertial ptuall 
ferent things. This is seen from the ways in which . Nee 
3 


1 
et eas objects, the ratio of their inertial masses equals that of their gravitational 


The apparatus used in this experiment gives results accurate to abo 

ut 1 nt. 
Such a small error warrants careful consideration of the sources of error ‘nd thot 
magnitude, expressed as fractions or per cents. 


Two-inch C clamps are convenient units of mass and can easily be attached to the 
platform of the balance. This gives acceptable results, since the clamps are reasonably 
uniform. If time permits, you may want to adjust the clamps to weigh the same to about 
i per m To do this, take the lightest clamp as a standard and file or grind the others 
o matc È 


Other objects of similar size, shape, and composition can be used as standard masses. 
A piece of sandpaper glued to the platform of the inertial balance prevents these masses 
from sliding when the balance vibrates. If they slide, the balance will come to a stop 
before an adequate count can be made. 


One of the things for the student to learn from this experiment is that the standard 
unit for inertial mass can be completely independent of the gravitational unit of mass. 
Therefore, it is advisable not to adjust the units of inertial mass to exactly 100 grams. 


Any object of different material from the standard can be used as the unknown mass. 
But, to allow for accurate interpolation, it should have a mass that does not fall too near. 
either end of the range for which the balance has been calibrated (100 to 600 grams). 
The unknown mass can be clamped to the balance with a unit C clamp. 


In finding the period of the unloaded balance, it may not be possible for the student 
to count enough vibrations to get the period with an error of only about 2 per cent. This 


less accurate value is still worth plotting on the graph, but it sbould not be given too much 
importance when the curve is 


drawn. 


When the load on the balance 
is too large (above about 750 
grams) there is a visible up-and- 
down motion as well as horizontal 
motion. This makes the plotted 
relationship between T and m 


diverge from T = 27r. t' the 


relationship that holds for simple 
harmonic motion. (Do not discuss 
this relation in class at this time, 
as it will come up later in Chap- 
ter 21 of the text.) The more 

complicated graph [Fig. (a)] that 
one actually gets is still perfectly 
good as a calibration curve. 


Unlike a simple I spar kim 
frequency is independent of ampli- 
x ! 2 3 M ; S tude over a very wide range of 

C. clamps amplitudes. 


Figure (a) 


0.6 


0.5 


0.4 


0.3 


period (T) in seconds 
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Answers to Questions : 

The qualitative examination of the acceleration for a given amplitude and different 
masses shows that, even though the acceleration is not constant for a given mass, it is 
greater at each point in the swing for smaller masses. That is, it is the inertial effect 
of the mass, the same effect that occurs in Newton's law, that changes the period of 
the balance. 


If the vibrations of the balance are measured for 100 seconds, the error in timing, 
assuming the time can be determined to the nearest second, will be ES = 1%. If 100 


whole vibrations are timed, the error in counting will also be 1 per cent, because the 
number of vibrations can be determined to within one cycle. Now, if in 100 seconds the 


balance completes more than 100 vibrations, the ratio of 1005 will be accurate to 


within 2 per cent. If, on the other hand, it completes 100 vibrations in less than 100 sec, 
it is necessary to count 100 vibrations to get a ratio accurate to within 2 per cent. 


The gravitational mass of the "unknown" is found from its inertial mass m,: 


1 
(mg) unknown (me) standard 
(mj) unknown ~ (mj) standard 
In our experiment (mi) standard = 1 by choice. 


Inertial and gravitational mass are proportional within the experimental error. They 
are not equal since different units (C clamps and grams) have been used. They are, of 
course, equal in most physical work since the same standard piece of matter, the standard 
kilogram, is used for both scales. 


On the moon we would get the same results, Neither gravitational nor inertial mass 
changes in going from earth to moon. 


If the apparatus is used as shown in Fig. 4, it will have a shorter period for a given 
mass since the force of gravity now acts as a.restoring force in addition to the restoring 
force of the bent blades when the balance is pushed to one side. This part of the experi- 
ment is optional. 


Straw for pointer 


Figure (b) 
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This apparatus can be used as an accelerometer by fastening a straw or other indi- 
cator to the moveable platform and marking a force scale on the base [Fig. (b)]. The 
balance can then be clamped to a table and pulled by a calibrated spring balance to give 
a force scale in newtons. With à known mass (mass of object plus mass of platform) in 


place, the device can be calibrated in acceleration units from Newton's law (a = D). The 


answer to this question as well as the actual calibration and use of the apparatus as an 
accelerometer should be considered only as a project for particularly interested students. 
It is not meant to be answered by all. 


The accelerometer can be held or mounted in an automobile so it is horizontal with 
the hacksaw blades at right angles to the direction of motion. Upon acceleration of the 
car, the accelerometer will show a deflection but there may be some oscillation back and 
forth if the acceleration is rapid. The balance should be damped by attaching several 
C clamps to prevent this. (The driver's attention should be focused on the road and not 
on the accelerometer !) 


APPARATUS 


1 Inertial balance 
6 C clamps, 2" (can be shared to some extent) 
1 C clamp, 3" 
1 Metal slug 
Cord 
Ringstand with clamp or crossbar 
1 Sheet graph paper 
Stop watch or clock with sweep second hand 
Pan balance 
Several unknown masses (mass of 2 to 4 units) 


P 


4 


50 
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III-5. FORCES ON A BALL IN FLIGHT 


Students are so often instructed to "neglect friction" or "neglect air resistance" that 
they may think only simple, idealized motion can be analyzed. In this experiment the 
student can see how an application of what he has learned about simple projectile motion 
is the starting point which leads to an understanding of more complex motion. This is 
the most important thing for him to learn from this experiment. He also makes a dis- 
covery for himself; by analyzing Fig. 1 he learns that air resistance acts in a direction 
opposite to the motion and that it increases as the speed increases. 


This experiment, although important, involves no experimental equipment and can be 
done as a homework assignment after projectile motion has been studied in the text. 


Centimeter graph paper provides a convenient scale, although any tracing paper will 
suffice. Fig. (a) is a sample analysis of Fig. 1. Students may have trouble reducing the 
change in velocity resulting from Av, to a vector they can subtract on their diagram. 


Figure (a) 
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The first step is Av, = g At = 9.8(0.1) = 0.98 m/sec. This must then be converted to 


meters per tenth of - second. This will be 0.98(0.1) = 0.098 m/0.1 sec. This is equiva- 
lent to converting the 3 of gravity from meters per "aed squared to meters 


per (tenth of a second)" , 9.8 m/sec’ = 23 = 0.098 m/(0.1 sec)’. This value is then re- 
duced to the scale of Fig. 1. Since the photograph is 70 actual size, the length of the 
velocity change vector due to gravity Av, that must be subtracted will be 10 S 0.0098 m. 


This change is, of course, in the vertical direction and is subtracted from the veiocity 
change Av by adding its negative as shown in Fig. 2(b). 


If a student is interested in analyzing Figs. 3 and 4, he should check the scale re- 
duction by measuring the meter stick in the photographs. 


Answers to Questions 


A qualitative examination of the photograph shows that the horizontal velocity decreases 
from left to right. One concludes from this, that in addition to the force of gravity, there 
is a force that has a horizontal component. 


air resistance 


Figure (b) 


Say 
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The total velocity changes found by subtracting velocity vectors on the diagram vary 
from interval to interval in both direction and magnitude. The magnitud of the Av de- 
creases during the motion and the direction Slowly becomes more horizontal. Since 
velocity changes are in the direction of the forces which produced them, there is at least 
a horizontal component of the net force acting on the sphere. Without further analysis it 
is impossible to tell how the unknown force changes. 


The change in velocity of the ball in 0.1 sec. caused by gravity is 0.98 m/sec and it 
acts vertically downward. In meters per tenth of a second it is 0,098 m/0.1 sec. 


When the effect of gravity is subtracted, the residual velocity changes due to the re- 
maining force have both a vertical and a horizontal component and are opposite to the 
direction of motion. The larger the velocity, the larger is the opposing force. The re- 
tarding force is the result of air resistance. This force is proportional to the square of 
the velocity under the conditions of our experiment. The total variation of the velocity, 
however, is not great enough to show this proportionality by a graph of the force as a 


function of y^, particularly with the limited accuracy with which one can measure the 
force in the analysis of the data. 


The ball must have a very large area-to-mass ratio (a very low density) to show such 
large effects of air resistance at relatively low velocities. If the ball had been the same 
Size but much heavier, it would have followed a path more like the parabolas illustrated 
in the text. The ball used in all three photographs was a 0.05-gm sphere 1.5 cm in 
diameter cut from styrofoam. 


Figure (c) 
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Figure (d) 


If gravity had been the only force acting on the sphere, its trajectory would have 
looked like Fig. (b) where the average velocity in the first interval was taken as the 
initial velocity. 


The ball in Fig. 1 was thrown by hand with little or no Spin. Figs. 3 and 4 were 
made with the same flash rate as Fig. 1 but the ball was given a spin. In Fig. 3, the 
ball was given a counterclockwise spin about an axis perpendicular to the page. In Fig. 4 
the spin was clockwise. The analyses of Figs. 3 and 4 are shown in Figs. (c) and (d). 


The analyses of the spin photographs and the plotting of the trajectory with no air re- 
sistance should be considered supplementary to the main experiment and done only by 
particularly interested students. In Fig. (c) the force which remains after Subtracting the 
effect of gravity is no longer opposite to the direction of motion but has a component at 
right angles to the path. This component becomes smaller as the rate of spin decreases 
during the motion. Fig. (d) shows a similar component perpendicular to the path but in 
the opposite direction. 


A complete mathematical treatment of this spin motion (or even of the motion with 
air resistance and no spin) is a formidable task not even to be attempted. 


In all three photographs, the Speed of the ball near the end of its trajectory is nearly 
constant. The ball is close to its terminal velocity. When the ball reaches its terminal 
velocity, the force of gravity on the ball equals the air resistance, the net force is zero, 
and it moves at constant velocity. <= 


m. 6) 


Students may wish to fire ping-pong balls with a s 
pin. A cardboard 
bie a good gun. Put the ball in the tube and swing it in an overhand mee tube 
d arc depending on the desired direction of spin. This method was used in nakua? 


Figs. 3 and 4. 
APPARATUS 
Translucent centimeter graph paper, or tracing paper 
Ruler 
Hints on Strobe Photography 
iment I-1, records on film the position of an Object each 
e 


The camera in Fig. 6, Exper 
time a slot in the motor-driven strobe disk moves past the lens. This technique ni 
dimensional motion which, cannot be measured with a TE 
er, 


it possible to analyze two- 

In most instances, exposure rates of 5 to 30 per second will suffice. A low.g 
motor such as a 300-rpm synchronous clock or instrument motor is the most ale 
since higher exposure rates can be obtained by having several equally spaced xe ds 
disc. A synchronous motor is best for driving the disc, since its rate of rotation in the 
therefore the exposure rate, i$ known. However, in many cases the unit of time 1 
trary and therefore a cheaper motor will be adequate. arbi. 

The speed of a aon-synchronous motor can be measured and checked for constant 
speed by photographing, through the rotating disc, a 78-rpm or 334-rpm phonograph 
marked with a white spot. If a synchronous motor is overloaded, it will not run at DN 
rated speed. One should be sure, therefore, that the disc is not so large that air y 
sistance against its surface will slow it down. When a synchronous motor is Overload 
a neon or fluorescent lamp operating on 60-cycle A.C. will flicker when observed 8 


the rotating slotted disc. 
The rotating disc should be as closé as possible to the camera lens without t. 
sj pe should be held rigidly. Ouching 


it. Both the camera and the strobosco 
The individual exposure of à moving object can be varied by adjusting the disc. 
and lens 1 the basic lens aperture as wide as possible. The lens om 
then be taped so that its aperture has ihe same shape as the slot and has a width e ml 
lot in the disc. Sharper images are obtained by decreasing 


to or smaller than that of a 8 
the slot widths. 
be contr 
The total exposure time can 
d of the camera. 
the 0 viens there will be less chance of the camera vibrating. 
emulsion speed of 160 or higher is adequate. In some 
A film with an 4.51 lopment and/or printing on high-contrast pape a 


better image can be obtained by overdeve 
The plane ot camera should be parallel to the plane of the motion, to 
ual 


the film in the 3n a 055 
ifications of the different areas ot V ew. a scale is used to giye 
Hume Ese neo it should be placed in the same plane as the motion, so that 
there is a minimum e due to par lax. 


rror 
ta dark-colored bac 
9 If it is necessary t 


olled better by using the bulb setting rather 
If a cable release, instead of the hand, is pion 


kdrop of cloth, paper, or other material 

o paint the surface, a flat paint ig sad 
The object to be photographed should be mounted to a 

front of the backdrop. The camera and stroboscope AR 
front of the object. e 


For best results, 
proximately 2 meters 8 p 
to prevent glare and reflection 


parallel to and ately 
ox 

then placed appr an OOF its own light source (a flashlight bulb powered by typ 

g object can dated with two ripple-tank light bulbs (150-watt, clear glasg 

oving horizontally, mount the two bulbs on either side of the 
d at ss of d 40° to the 

camera, abou g vertically, moun! one on the fl 

plane of the object a 5 of 80° to the object plane, and the other bulb about ty, lice 

ointi ward 2 ward at an ani 

pointing ese pointing 90W" 
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If it is desired to show a scale on the finished print, place a meter stick in the plane 
of the object. 


Satisfactory prints using a Polaroid camera have been made with the arrangement de- 
Scribed above and with the following specifications: 

Lens aperture [4.7 

Shutter setting B 

Strobe wheel 2, 3, or 6 slits open 

Film Polaroid, #47 (3000 ASA) 


Parts and Materials 


Any camera with a bulb or time exposure 

Motor (preferably synchronous): 300 to 1800 rpm (mounted) 

Disc (6" to 10") of heavy paper, thin metal, plastic, or similar material 
Several high-wattage lamps with sockets, cords, and supports 
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III-6. CENTRIPETAL FORCE 


The purpose of this experiment is to find the de 

pendence of the centripetal force on 
the frequency of revolution, mass, and radius of an object moving in a circle. The ex- 
periment is best done before the relation is derived in the text (Section 21-5). 


As a result of doing the first part of the experiment, the student will conclude that 
the centripetal foree is proportional to the square of the frequency. If time permits and 
some of the students wish to go further, they will conclude from experimental evidence 
that the centripetal force is proportional to the mass and to the radius of the circle. 


As in many of the experiments in this volume, it should be emphasized that the dis- 
covery of fundamental laws does not require the use of standard units of measure. Here 
we, use arbitrary units of force and mass: the unit for measuring centripetal force is the 
force of gravity on a steel washer; the mass unit is the mass of a #4 rubber stopper. 


The experiment can be done alone in the laboratory or at home, but it is best done by 
two or three students together - one to swing the stopper in a circle, another to count the 
number of revolutions and a third to do the timing. If the laboratory is too small for 
swinging many stoppers in a circle of one meter radius, it is advisable to do the experi- 
ment out-of-doors or in the school gymnasium. 


The size of the glass tube is not critical, but the bearing surface for the string at the 
top end must be carefully fire-polished so it is smooth and free from bumps to keep fric- 
tion at a minimum. The forces are such that the tube will not break unless it has a flaw. 
To prevent injury, wrap the tube with tape so there will be no danger from jagged pieces 


of glass if it should break. 
The cord used is critical if friction is to be kept low. 


casting line, 12-lb test works well. 

The stopper size, radius of the circle, and size and minimum number of washers have 
been carefully chosen to give good results. Large variations from the recommended val- 
ues may make the graph of force as a function of velocity look like a straight line. 

To keep the stopper moving at constant frequency, the top of the tube must be moved 
in a small circle. This provides a small component of force along the path to counteract 
friction. However, this circle should be less than a centimeter or two in diameter or the 
circle described by the stopper cannot be accurately measured by the length of the cord. 
The-radius of the circle described by the stopper should be measured from the middle of 
the stopper near its center of mass. Since the dimensions of the stopper are small com- 
pared to the radius of the circle, measurement from this point will give a value for the 
radius which is close to the correct value. 

The Laboratory Guide specifies a minimum number of washers so the cord will be 
horizontal enough to permit the use of its length as a reasonably accurate measure of the 
radius of the circle. Actually, using the "slant" radius given by the length of the cord 
leads to correct results no matter how large the angle between cord and the horizontal. 


This can be verified by analyzing Fig. (a). The force of gravity mg acting on the 


washers is transmitted along the cord and acts on the stopper along L. The horizontal 9 
component of this force provides the centripetal force F 8 along R. We see that R= L cos 


and F, = mg cosÜ. Writing the equation for the centripetal force in the form 
c 


2 
5 2 2, _ 47° mgR 
Em m, CR 3p , 


4T ?mg LcosÜ 


mag cos 8 = T 


Fisherman's hard nylon braided 


we have by substitution 


47 2 me L. 
mag = E) 
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. Figure (a) 


This means that the force exerted by the washers is inversely proportional to the period 
Squared for a constant length of cord L. Since the student assumes that R stays very 
nearly equal to L, he measures the period of rotation and assumes this to be inversely 
proportional to the velocity v. There is no error due to the changes in the angle 8, be- 
cause 0 drops out of the calculation. You will note from Fig. (a) that O is determined 


m g 
only by the weight of the washers since sin 0 =. Using less than the recommended 
number of washers with a #4 stopper will therefore make @ larger. ! 


F (number of washers) 


Figure (b) 
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Answers to Questions 


The faster the stopper rotates, thé harder one must pull down on the string. If one 
lets go, the stopper ceases to move in a circle and pulls the string up the tube behind it. 
By exerting the force himself, the student becomes aware that a force at right angles to 
the motion is necessary to make an object move in a circle. 


A graph of the frequency of the stopper as a function of the number of washers looks 
like Fig. (b). It is, of course, not clear what function this graph represents although one 
might suspect that it is a parabola. The student may think, if his points are somewhat 
Scattered, that the curve is a straight line which does not pass through the origin, but if 
he is asked what the frequency should be with zero force, he should see that it would 
have to be zero, that is, the stopper must be stationary. Hence the curve must pass 
through the origin, curving down from his assumed straight line. 


A plot of g as a function of the number of washers will be a straight line passing 
through the origin, showing that the centripetal force varies as 12. 
The student can conclude, from Newton's law F = ma, that doubling the mass whirling 


in a given circle with a given centripetal acceleration should require twice the force to 
keep it moving at the same speed in the circle. If he has time, he can try this. 


It is difficult to find out how the force depends upon the radius because it is hard to 
whirl the stopper at the same frequency each time the radius is changed. A better way of 
getting the relation between force and radius is to repeat the first part of the experiment 
several times, using different radii and only one value of centripetal force for each radius. 


Then a family of curves of 2 as a function of F can be drawn [Fig. (c)]. Since we know 
from the first part of the experiment that these curves are straight lines, the single value 
of the centripetal force for each radius suffices to establish the straight line through the 


origin. 


0.8 
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f? in sec? 
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10 15 20 25 30 
F in washers 


Figure (c) 
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For a constant value of fe, represented by the line AB, the various values of the force 
(Fy, Fo, Fg. Fy) lie on curves corresponding to different values of R. When these values 


of F and R are plotted, they give curves which resemble Fig. (d). [Note that Figures (c) 
and (d) do not represent actual data taken with the apparatus. They are merely approxi- 
mate sketches of the results that would be obtained.] Students who are well versed in 

"ham" radio may recognize this method of analyzing a family of curves as similar to the 
method of finding the amplification factor of a vacuum tube from a plot of the plate cur- 


rent as a function of the plate voltage. 
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If there is not enough time to investigate experimentally the effect of mass and radius 
on the centripetal force, it may be worthwhile to do this part of the experiment as a class 
demonstration. 


Figure (e) shows all the forces that act on the apparatus. F is the resultant force 
that the operator exerts on the apparatus (neglecting the weight of the tube). Note that 
the gravitational component of this force (mg + meg) is constant in direction while the 


horizontal component F , the centripetal force, is constantly changing directi: h 
horizontal plane. e , y ging direction in the 


APPARATUS 


1 ae 15 Senses and wrapped with tape 
ord, 1.5 m (fisherman's 

M oes : hard braided nylon casting line) 
1 Alligator clip, or other suitable marker 
1 Rubber stopper 
1 Paper clip 
2 Sheets graph paper 
1 $" dowel or pencil 

Meter stick 

Stop watch or clock with sweep second hand 
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forces exerted 
by hand 


« Figure (e) 
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Un LAW OF EQUAL AREAS 


equal aves Io 02 eee Operates, an object will move in orbit such that it sweeps out 

% Ey : es, regardless of how the force varies with the distance from the ' 

es 1 d 61 1 Pun m cue d the conservation of angular momentum, 
cover e course, it is probably unwise to dis 

15 hec es 100 a ii PNE experiment serves. only to illustrate the law of qud 

during the’ stel CORN e rigen experiments. It is most appropriately done 


Fine sand is the best substance to use as a time ind 

icator. Conical ^ups should be 
hers Since sand does not run out of flat-bottomed cups evenly. To stop the flow, the hole 
er e plugged by pushing the pointed end of a pencil down through the sand and into the 


The balance for weighing the sand should have a sensitivit; 

y of at least 0.1 gm; a sen- 
sitivity of 0.01 gm would be better. More sensitive balances are not worth File sinse 
other sources of error will be greater than those incurred in weighing. 


A rigid support for the pendulum is necessary. If the support wobbles, the pendulum 
will precess in its orbit, reducing the accuracy when several revolutions are used to col- 
KE n sand to be weighed accurately. Ideally, the pendulum should be supported from 

e ceiling. 


You may find it best to let the students make several runs with the pendulum, weigh 
the sand, and then analyze the results of one or two of the best runs as homework. 


Answers to Questions 
Several complete revolutions permit a more accurate welghing of the accumulated sand. 
Too many revolutions will result in inaccuracies caused by precession. 


The net force on the pendulum always acts toward a point directly beneath the point of 
suspension. This can be checked by pulling the pendulum to one side and releasing it with- 
out giving it any sideward motion. In this case, if sand is allowed to run out as the 
pendulum starts from different points around its orbit, all the sand tracks will Intersect 
under the point of suspension. This question suggests to the Student that this is the point 
toward which the force is directed and around which equal areas are swept out by a conical 
pendulum, unlike planetary motion where the force acts toward a focus of the ellipse and 
the planet sweeps out equal areas in equal times around this focus. 


Careful work will show that equal areas are swept out to an accuracy of about 5 to 
10 per cent, even for a narrow elliptical orbit where the variation in velocity is large. 


For both the pendulum and the planets, the force is a central force acting toward a 
single point regardless of the position of the object. The force on the planet varies in- 
versely as the square of the distance between it and the sun. The force on the pendulum 
is directly proportional to the distance of the bob from the center of the ellipse as long 
as the angle of the suspension string with the vertical is small. 
ye in an ellipse with the center of force 


‘force causes a planet to mo 
i ar force on the pendulum causes it to move in an ellipse 


f the ellipse. 


scribed in the Laboratory Guide. (See the sugges- 
e of the film was parallel to the 
with the same equipment as Fig. 4(a), 


An inverse-squar' 
at one focus, whereas the line 
with the cente: force at the center o 


Fig. 4(a) was taken by the method de 
9 d of Experiment III-5.) The plan 


tions given at the en D 
plane ofthe ellipse. Fig. A(b) was taken the same Way 


but the size of the orbit was different. 3 
If Figs. 5 and 6 are analyzed to get the ratio Ps the ratios will not be equal for the 


law of periods applies only to an inverse-square force. 


two cases since Kepler's 
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APPARATUS 


1 Conical paper cup 
Lightweight cord 20' to 25' 
Ringstand with crossbar and clamps 
Sand or dry salt, with container 

1 Large sheet brown wrapping paper 

3 C clamps 

1 Camera 

1 Motor-driven stroboscope 

2 150-watt bulbs, sockets, cords and shields 
(or floor lamps) 

1 White ball 

5 Ringstands with crossbars and clamps 
String or thread 

3 C clamps 
Large sheet black paper 
Meter stick 

1 Sheet translucent graph paper 
Pan balance 
Dustpans and brushes 
Tablet paper 
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II-8. : MOMENTUM CHANGES IN AN EXPLOSION 


This experiment is most appropriately done as soon as impuls 
e and momentum have 
been studied in the text, and preferably before taking up eria changes when Nok 
podian 1 (Section 23-3). The experiment will introduce the. law of conservation of 
omentum. E 


The spring exploder can be dangerous if it is released indiscriminatel 

y. It should not 
be cocked without the spring safely anchored to the cart. You may want to caution your 
Students not to release the spring when the cart is pointed in the direction of others. 


Springs may differ in their strength. A weak spring acting on a heavy cart may not 
give it enough velocity to reduce the effect of slight variations in the table top. 


The optimum distance between the two bumpers is about 1.5 m. If the distance the 
cart must travel is too great, the cart may, because of friction, come to a stop before 
reaching the bumper. On the other hand, if the distance traveled is too short and the 
velocities are reasonably high, the coincident timing method will not be accurate. 


Both carts should be loaded with at least one brick, since some of the force of the 
exploder applies torque to the wheels, making them rotate. This appears as a loss of 
linear momentum. As long as the mass of the wheels is small compared to the total 
mass, this effect is insignificant. 


The starting positions of the carts can be marked on the table with chalk. Make sure 
the student places the starting mark for each cart at the end closest to the bumper, as 


Shown in Fig. 2. 


If both carts have the same load, friction tends to cancel out, since the force of fric- 
tion acts for the same time on both carts, giving equal and opposite impulses to the two 
carts and decreasing their momen! equally. There will, of course, be different forces 
of friction on two carts loaded with different masses, but the effect of friction is small 
and can be neglected in this experiment. 


If the table is not level, one cart will gain momentum during its run, and the other 
will lose momentum. If the table cannot be made level, it may be necessary to run two 
trials for each loading of the carts, reversing their positions for the second trial and 
comparing the average momentum change of each cart. 


Answers to Questions 

If the spring is released with the cart at rest on the table, the cart does not appear 
to move. Tho student will conclude that the momentum of the cart before and after the 
explosion is zero. Changing the load on the cart will not change this result. 
can be observed qualitatively that the lighter cart 


ad the carts, it 
harte E tion. Some students may guess that the momenta 


moves faster as a result of the interac 
of the carts have the same magnitude but are in opposite directions. 
for a standard unit of momentum. 


is no need 
In calculating the ratio of momenta, there "clank." (A "clank" is the unit 


kilogram-meters per 
The momenta can be expressed i» 1 log! s to reach the bumpers in a given run.) Of 


by both cart: 
enge, , the carts will result in different ears ond konco on d 
time and momentum units, but the time unit will be the same for ey dtm UR 
trying to find a specific unit, the student can answer that the epange n: pn 
cart is equal in magnitude and opposite in direction to the e x ^ 
other cart. (The ratio of the momenta is minus one to about 5 per C R 
xplosion is zero, and hence momentum is 


The total momentum before and after the € 


conserved. 
If a stick of dynamite were exploded between the pajta; tue. Ree Gt d ^n 178 5 
different directions at different speeds, but we would expec e 
b o. This is a hard question for the student to EUER d 3 Pea 
those ly pec with momentum changes in two dimensions, studie 
oroug 


and in Experiment III- 10. 


p — 
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Another way of doing this experiment eliminates the need for listening.for simultaneous 
collisions of carts and bumpers. It requires more elaborate apparatus and raises more 
questions in the student's mind, but some students may be interested in trying it. 


Place the carts on a smooth board about 1.5 meters long which has bumpers at its 
ends [Fig. (a)]. The board should rest on 1-foot pieces of 2" or $" dowel. Use three 
pieces of dowel, one near each end and one in the middle. Make an index mark on the 
board and a corresponding reference mark on the table. When the exploder sends the 
carts toward the ends of the board, one will strike its bumper first and move the board 
in the direction in which it is traveling. A moment later, the second cart strikes its 
bumper and stops the board. The movement of the index mark is a sensitive indicator 
of the relative order in which the carts strike. When the correct starting position of the 
carts has been found, the carts will strike the bumpers simultaneously and the board will 
not move at all. 


chalk marks 


Figure (a) 


APPARATUS 


2 Dynamics carts 

4-5 Bricks 

4 C clamps 

2 Table stops (wood bars) 
Meter stick 

1 Smooth board, 1.5 m. 1 

3 Wood dowels, $" or J by 1' 


q 
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E THE CART AND THE BRICK 


Since this experiment comes after the student has discovered conservation of momentum 
in the explosion experiment (II-8), it is not important whether it is done before or after 
momentum conservation is taken up in the text. A more complex experiment than "Momen- 
tum N in an Explosion," it gives the student a deeper insight into momentum con- 
servation. 


The experiment is not difficult to perform, but there are several techniques to be noted. 
Heavy cord should be used to support the brick, because it is much easier to pinch a thick 
string to the support bar as shown in Fig. 1. Several practice runs should be made before 
recording the motion of the cart. 


Since some friction will always be present, the cart will slow down throughout the run. 
To analyze the interaction properly, the velocity of the cart should be measured just before 
and just after the interaction. At least one brick should be on the cart when making meas- 
urements, to prevent the final velocity from being so low that table irregularities will 
cause it to fluctuate too much. Good judgment is needed in finding the velocities before 
and after the interaction, to choose an interval long enough to be meaningful and short 
enough to have fairly constant velocity. 

To prevent damage to table tops from falling bricks that miss the cart, wrap the 
bricks in paper. 

An alternate analysis of the data can be made by plotting velocity as a function of time. 
By extrapolating the two lines which represent the slowly changing velocities before and 
after impact, the actual velocities can be determined at the time of impact [Fig. (a)]. On 
smooth tables, practically no extrapolation is necessary. In any case, only the better stu- 
dents should be encouraged to use this method of analysis. 


extrapolated vier 75 (arbitrary units of velocity) 


Vos 25 (arbitrary units of velocity) 
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Figure (2) 
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Answers to Questions 


The cart will slow down when the brick is dropped on it. If the mass of the cart is 
increased, it will appear to slow down less. 


The decrease in the momentum of the cart equals the increase in the horizontal momen- 
tum of the brick, but the changes are im opposite directions. 


The total horizontal momentum of the system of the cart and suspended brick before 
interaction is just that of the cart. Since, as a result of the collision, the cart loses the 
same momentum that the brick gains, the total momentum of the system of cart and brick 
after the interaction is the same as before the interaction. Momentum is coaserved within 
experimental error (about 2 per cent). 


The horizontal impulse applied to the falling brick is equal to its change in horizontal 
momentum. The length of time of the interaction can be estimated by carefully examining 
the tapes and estimating how many intervals show a rapidly changing velocity. In general, 
the whole interaction will occur in one or two ticks. 


To estimate the horizontal force (in newtons) applied to the brick, "ticks" must be cali- 
brated in seconds. This is best done by pulling a tape through the timer for a known time 
(4 or 5 sec) and counting the dots. Accuracy in calibrating the timer this way is not im- 
portant, since the inspection of the tape will only give, to an order of magnitude, the 
number of intervals during which the interaction took place. 


Using the known impulse applied to the brick, the average force of the interaction can 
be found to an order of magnitude from F - At where lis the impulse and At is the 


interaction time. This is a very rough determinatio:, and it is worth pointing out that this 
is an average force; in actuality, the force probably varies widely over the interaction 
time in some unknown manner. 


The force applied to the cart is equal but opposite to the force applied to the brick. 


The vertical momentum of the falling brick is transferred to the earth via the cart 
and the table. Momentum is a vector, and none of the vertical momentum is transferred 
to horizontal motion. Theoretically the magnitude of the vertical velocity is of little im- 
portance in this experiment. 


If the experiment is done by dropping sand slowly into a box on the cart, the cart 
Slows down but the duration of the collision is greater than when the brick is dropped. 
If the sand was allowed to run out of the cart, however, the velocity of the cart would not 
change. It must be kept clearly in mind that our system consists of cart and sand at all 
times. Only the sum of momenta of both remains unchanged. When we drop the brick on 
i uk there is a friction force acting between them until they both move with the same 
velocity. 


When we let the brick or sand fall off the cart, both cart and sand have the same 
horizontal velocity and will continue to have the same velocity until the sand touches the 
table, which is not part of our System. One may not include or exclude any object from 
the system during the jnteraction, because this will lead to errors. Dropping the brick on 
the cart is misleading in this respect. Only because the brick has no horizontal momen- 


tum at the beginning can we say that the mass of the cart increased and hence its Speed 
had to decrease. 


The reverse of the experiment of dropping the brick on the cart is to shoot the brick 
off the rear of the moving cart so that its velocity relative to the table is zero; the cart 
then speeds up and the brick drops vertically. 


1 
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APPARATUS 


1 Dynamics cart 
1 Timer 
Paper tape 
Carbon-paper discs 
1 14 volt dry cell 
3-4 Bricks 
1 Ringstand with crossbar and clamps 
3 C clamps 
Heavy cord 7 
Sheet of masonite or other protective 
cover for tables 


Wedges 
Cellulose or masking tape 


55 
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III-10. A COLLISION IN TWO DIMENSIONS 


The purpose of this experiment is twofold. The first 

à 5 objective is to impress upon the 
Student that momentum is a vector quantity and that it is the vector sum of the moonii 
not the arithmetical sum, that is conserved. Only by analyzing a two-dimensional collision 
can this be made really clear. The second objective is to let the student discover that 


2 2 
another quantity, mv^, which is not a vector, appears to be conserved. The discovery of 


conservation of m“ in this experiment is meant only to stimulate the curiosity of the 
abler student, and one should not go into a deep study of energy at this time. This ex- 
periment is important and should not be omitted. It is best done after Section 23-4. 


Tape timers can be used to measure velocities and momenta only in collisions oc- 
curring along a straight line. Collisions in two dimensions on a table can be analyzed by 
studying stroboscopic photographs, and it is done this way in the textbook. Lacking this 
equipment, some other method must be used to time the motions. The constant horizontal 
baci of a projectile provides a simple way of measuring velocities in any horizontal 

rection. 


When a ball rolls over the edge of a table, the table gives it a small horizontal im- 
pulse; the faster the ball moves, the smaller the impulse. For this reason the target ball 
is mounted on a screw away from the table edge, so that the incident ball will not be in 
contact with the table when the collision occurs. 


The struck sphere should be to the right of the center of the ruler. This arrangement 
allows a wider range of positions for the target ball without its bumping into the support 
after being struck. : 

Some students may feel this is really a collision in three dimensions, since the spheres 
move not only in different directions in the horizontal plane but also fall vertically. You 
may remind them that they are finding the velocities just before and just after the collision, 
when the objects are moving in the horizontal plane, and that the following vertical motion 
is used merely as a means of measuring the velocities in the horizontal plane. 


Answers to Questions 

When the incident sphere is rolled down the incline ten or fifteen times with the target 
removed, the points where it lands on the paper will be scattered over a small area that 
can be enclosed by a circle whose diameter is about 3 per cent of the distance traveled 
by the ball. Therefore, the initial velocities in the different trials vary from the average 


by about 1.5 per cent. 
The momenta in the case of the spheres of equal mass are represented by the dis- 


placement vectors on the paper. If the experiment is carefully done, the vector sum of 


ion to the initial momentum 
the two final momenta will be equal in both magnitude and direct 
of the incident sphere, within the experimental accuracy as determined by the A 
the points. A sample set of data and vector diagrams is shown in Figs. (a) an i 
I 


mentum is conserved within experimental error. 

Though the vector sum of the momenta is constant, the arithmetic sum of the momenta 
magnitudes is not. 

When the experiment is repe 
as the incident ball. Otherwise, 
dent ball will rebound and bounce 

displace 

When unequal masses are used, the 
no longer represent momenta. The vector sum 
initial velocity. 


ual masses, the heavier ball should be used 
head-on collisions, the lighter inci- 


> 


ated with uneq 
with head-on or near 
off the table edge. 
ments on the paper representing velocities 
of the final velocities will not equal the 


4 
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Scale: “= 3" » 


i= incident sphere 8 steel bail bearing 


t = target sphere — ie steel boll bearing 


Figure (a) 


To convert the velocity vectors to momentum vectors when unequal masses are used, 
the velocity vector of each ball must be multiplied by the ball's mass. For Simplicity we 
may choose the mass of the incident ball as our unit of mass. The momentum vector of 
the incident ball then becomes identical with its velocity vector, and the momentum vector 


* 


equal masses, he will see that the square of the initial velocity of the incident ball is very 
nearly equal to the arithmetic sum of the Squares of the two final velocities. This Suggests 
that some quantity involving the Square of the velocity is conserved, 


In the case of the unequal masses, one finds that the square of the velocities is not 
conserved, but when the Squares of the velocities are multiplied by the appropriate masses, 


the sum of the final my? equals the initial my. 
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Scale: l“ 3" 


i = incident sphere - Sj steel ball bearing 


t = torget sphere - $' gloss marble 


Figure (b) 


et up, a large amount of data can be taken quickly, but the 
have to be done as homework. Don't require too many 
of the vector components of the final momenta 
a is interesting, but not an essential 


Once the apparatus is 8 
analysis is long and will probably 
1 The calculations 
in a direction at right angles to the initial moment 
part of the experiment.) 

The last part of the experiment, the calculatio: 


energy, may be left as optional. There is very little loss of kinetic energy in these col- 
this in the case of e ual masses is to examine the 


lisions, and a quick Way of checking 
angle between the directions of motion of the two spheres alter collision. If there is no 
loss in kinetic energy, this will be a right angle; the greater the loss, the smaller the 


angle will be. 


ns showing the conservation of kinetic 
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To see why this angle is 90° when kinetic energy is conserved and the masses are 
equal, note that since velocity is a vector Y, the sum of the velocities Ya and Vp of the 
two equal masses is 


xou 
M ci 


and the magnitudes are related by 


2 
3 VOS VIE N - 2v,v cos a 


where @ is the angle between v and Yy If energy is conserved and the masses are equal, 
the squares of the velocities are conserved and 


Hence, 2 va Vp cos Q = 0 and therefore @ = 90°, 


Y APPARATUS 


1 Collision-in-two-dimensions apparatus; 
this consists of: 
Frame 
Plastic ruler with center groove 
Moveable arm (with clamp and target-ball support) 
Thread 
Plumb bob (screw eye) 
2 Steel balls, 2 
1 Glass ball, 3" 
1 C clamp 
4 Sheets carbon paper 
8 Sheets tracing paper (onion skin) 
2 Weights 
1 Protractor or large pair of ‘dividers 
Meter stick 


Cellulose tape 
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ies SLOW COLLISIONS 


An interaction which results in the transfer of kin 
etic energy from one body to another 
her to visualize. The discussion in the text (Section 24-5) is somewhat abstract, but 
S experiment will demonstrate, in slow motion, what occurs in a similar interaction. 
n NAT gei rtu itii with the study of the text and it is a good idea to have 
soft.spring bumpers attached at hand d 
EAE MEE 9. dad 2-7. uring the classroom discussions of 


This experiment is a classroom discussion - laborato: 

ry exercise in which the text mate- 
A 1 taught . in the laboratory. A copy of the textbook should be at hand. A 
aboratory report is not necessary, since this is a qualitative e riment designed pri il; 
to clarify the interaction process. i 4 NS aay M 


Emphasize the parallelism of these slow collisions with steel-ball collisions. The dif- 
ference lies only in the time of interaction and the amount of distortion that takes place 
during the interaction. Energy is stored temporarily in the Springs and released again as 
the carts move apart. In the case of billiard balls, energy is stored in their distortion 
during a collision. 


The collision of the two carts is inelastic. Some of the energy is lost through friction. 
Frictional effects will be reduced if hjgher initial velocities are used. Collisions with 
several initial velocities should be tried. 


Answers to Questions 

It is easy to see that kinetic energy is lost by the incident cart arid gained by the 
struck cart during the interaction. When the carts are at minimum separation they both 
move very slowly. It looks as though the total kinetic energy is less at minimum separa- 
tion than at any other time, but one cannot be sure by mere qualitative observations. It is 
easy to believe that, as stated in the text, a good deal of energy is stored in the springs 
when the carts are at minimum separation. The velocities of the two carts are small and 
equal at minimum Separation - that is, the carts are at rest for an instant with respect 
to each other. 

The questions answered above simply call the student's attention to some of the details 
of an interaction as described in the text. In answering these questions, the Student has 


finished the main part of the experiment. The experimenting that leads to the answering 


of the rest of the questions is an open-ended extension for students who are curious about 


types of collisions other than the one described in Section 24-5. 


When the total mass of the carts is increased, the interaction time increases and the 
distance of minimum separation decreases for a given initial velocity. When the velocity 
of the incident cart is increased, the interaction time appears to be constant, aS 9 0 6 T 
Should, if the compression of the springs is proportional to the force. In this mn 85 r 
experiment, the minimum separation must not become 80 small that the bodies of the carts 


come into contact. EA 
llision, t ncident ca 

lf the carts are equall loaded and one is at rest before the co ; 

would EA. ^ at rest pm the struck cart would move off with all the ass 1 7 dn 

for energy losses due to friction in the spring bumpers. In reality the 115 a S egt 

moving with a small velocity but is brought quickly to rest by friction wil e j 

times before the interaction is over. 


APPARATUS 
2 Dynamics carts, fitted with "soft" spring bumpers 
4 Bricks 
4 C claraps 


2 Table stops 
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I-12. CHANGES IN POTENTIAL ENERGY 


This experiment, like III-13, "The Energy of a Simple Pendulum," 

in which energy is transformed from one form to 1 with little bang ee 
to do both experiments, but if time is short do at least one of them (preferably this one) 
after Section 25-3. Here gravitational potential energy is converted into the potential 

Gh gd of a stretched spring. This is an extremely valuable experiment requiring some 


A rigid ringstand about a meter high is needed to support the S 

pring and masses. Ifa 
shorter ringstand is used, it will be necessary to arrange it so the spring and weights 
will hang freely over the side of the table. 


If the laboratory period is short, the plotting of the extension of the spring as a func- 
tion of the applied force may be deferred until all the data are obtained. 


Answers to Questions 


The graph of the spring extension x as a function of the force F will be so close to a 
straight line passing through the origin (over the range investigated) that one may infer 


that x is proportional to F within this range. The slope k = Z of the line can be substi- 
tuted in the potential energy function of a linear spring, Us = m to give the potential 
energy Stored in the spring for any extension x. 


One can think up situations in which the force vs. spring-extension graph would not be 
a straight line. In that case, the energy stored in the spring can be found by graphical 
integration - l. e., finding the area under the force-extension. curve from zero to different 
values df x. A table or graph can then be made of U, a8 a function of x for use later 


in the experiment. 
The loss in gravitational potential energy between the two extreme points - AU, = 


— mg(x, - xj equals the gain in potential energy of the stretched spring between the same 


points AU, = md 3 11 B 1 or 2 per cent. Notice that from — AU, = AU, or 
-mg(x, ~ x) = Fk — % ) = $k + xj GS - xj) follows 
( 


+ x4) 
mg = -k 


the 
That is, the weight of the mass is equal in magnitude to the force exerted by 
spring when it is stretched to the midpoint between XY and Xo. This is the point where 
the mass was originally at rest before it was lifted to start the oscillations. It is the 


center of the oscillation. f 


point for the gravitational potential energy at x = 0 (l. e., at 


Setting pide ie spring), We have for the total potential energy: 


the lower end of the unstretched 
Ü Us Use ames T Lot 
=U, 9 


Moving the zero point of the x axis to m2 =- $, thereby defining a new coordinate 
2 


1m E. ix. Finally, setting the zero of the total potential 
2 RR 


, x + g, yields U =- 
X X * yie 
K x 2 
to U = ikx^ [Fig. (a)]. 
dpoint of the oscillation reduces U 
Hd ws ass is halfway down is less than the 


the m 
The sum of the 8 aug meh of the fall. The difference equals the kinetic 


potential energy at the start and 
i ass. 
—- nin entally by taking stroboscope 


i may be investigated experim 
Ne cow ve 10 having the heavy mass (1 kg) pull à timing tape 28 


it falls. 
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Figure (a) 


APPARATUS 
1 Steel coil spr (2 cm diameter by 15 cm; 
k approx. 4N, m) 
2 Weights (0.5 kg, 1.0 kg) 


2 Sheets graph paper 
3 Clothespins 


Meter stick 
Pan balance 


III-13 (1) 


III-13. THE ENERGY OF A SIMPLE PENDULUM 


This somewhat lengthy experiment shows how potential energy is transformed into 


d CE Like Experiment III- 12, it is best done after the study of Section 25-3 


A sturdy pendulum support with three guys is needed. If it is possible to set up an 
overhead suspension, this will be more stable. 


Let the student practice releasing the brick until he can give it a relatively smooth 
swing. The line of force of the release thread should extend through the center of mass 
of the brick so the brick will not oscillate as it swings. Have the timing tape attached to 
the center of the bottom of the brick to minimize errors caused by the Slow turning of 
the brick during the swing. It will aid the student in analyzing the tape if he marks the 
rest position of the brick on the tape before the run. When he does this, he must make 
sure that he does not move the timer after he has made the mark on the tape. The timer 
should be held or taped in place while the measurements are being recorded. 


The velocity of the bob at different positions can be obtained from the graph of position 
as a function of time or, if the laboratory period is short, the velocities can be determined 
directly from the tape and the graph of position as a function of time can be omitted. 


The velocity of the bob must be found in meters per second if the kinetic energy is to 
be calculated in joules. The timer can be calibrated by pulling the tape through for 5 or 
10 seconds and counting the dots. 


Answers to Questions 


A comparison of the graphs for potential and kinetic energy clearly shows that, if both 
are expressed in the same units, one decreases by the same amount that the other in- 
creases [Fig. (3)]. Their sum is constant within experimental error. A systematic error 
may be introduced by a small inaccuracy in the calibration of the timer. In Fig. (a) this 
shows as a small rise in the total energy in the middle of the swing. 


1.0 kinetic energy 


energy in joules 


potential energy 


e 


Figure (a) 


IH-13 (2) 


The kinetic energy is at a minimum at the Start and finish of the Swing of the brick 
through the arc; it is greatest when the brick is directly below its point of suspension, 


We limit the swing of the pendulum to 15° so we can use the approximate relation 


h= x?/2L instead of the exact relation h(2L - h) = x, For larger swings, the second 
formula must be used. Also, corrections must be made because the tape follows only the 


h(2L - h) = x, The sum of the two energies for large Swings will remain constant if 
the above geometric Corrections are made. 


follows: 


Set the origin for distance measurements at the rest position of the bob and measure 
the distances as positive and negative in Opposite directions from this point. Call the 
maximum horizontal displacement x from this point + 1. Then the distances x in this 
new unit will be d = p 

The time of the swing ERE is half a period and is therefore equivalent to 180°, The 
times can then be converted to an angular Scale by calculating @ = EF x 180°, If d is 

wi 


now plotted as a function of 6, the graph will coincide very closely that of d = cos 0. 
This result holds only for small angles of swing, 


The ambitious Student may investigate the more complicated, nonsinusoidal motion by 
releasing the bob from an angle much larger than 15°, making the necessary geometric 
Corrections in analyzing his data, 


APPARATUS 


1 Timer 
Tape 
Carbon-paper disc 
1 1}-volt dry cell 
Ringstand, 3, or 4', with 12" or 24" rod 


Meter stick 
2 Sheets graph paper 


II- 14 (1) 
III-14. A HEAD-ON COLLISION 


This experiment can be done during the study of Chapter 26. Its purpose is to em- 
phasize the difference between the conservation of momentum and conservation of mechan- 
ical energy. Here about 25 per cent of the kinetic energy is converted into heat, whereas 
momentum is conserved tb within 3 to 5 per cent. This experiment takes a long time to 
analyze and can be considered optional. Many of the conclusions can be obtained by re- 
studying the results of Experiments II-9 and III- 10. The collision in III-9 is completely 
inelastic (i.e., the maximum of kinetic energy, consistent with the conservation of momen- 
tum, is transformed into heat) whereas that in III- 10 is almost completely elastic. 


If only a short distance is available to set the first cart moving with constant velocity, 
it is important to give the cart a quick push. To make sure that both carts have a high 
enough velocity after the collision, the moving cart should have at least twice the mass of 
the stationary cart. 


Answers to Questions 


If the moving cart has a mass less than that of the stationary one, it will bounce back, 
thus making the tape useless. 4 

The interaction time will be several ticks. 

The momentum after the collision almost equals the initial momentum (within 3 to 
5 per cent). As in earlier experiments, some inaccuracy is introduced through the rota- 
tional motion of the wheels, and some momentum is transferred to the table. The loss of 
kinetic energy, on the other hand, cannot be attributed to experimental error. A fair frac- 
tion is transformed into heat through friction. 


The momentum is expressed in kilogram-meters per tick. 


When spring bumpers are replaced by soft and inelastic material, more kinetic energy 
will be transformed into heat, but momentum will still be conserved. 


APPARATUS 

2 Dynamics carts (one with a hard spring) 
1 Timer 

Paper tape 

Carbon-paper discs 
1 14 -volt dry cell 
3-4 Bricks 
3 C clamps 
1 Sheet graph paper 
1 Table stop 


Wedges 
Cellulose or masking tape 


